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Transplantation, Università degli Studi di Milano, A
Bianchi Bonomi Hemophilia and Thrombosis
Center, Milan, Italy

K John Pasi
Professor and Consultant Haematologist, Barts and
The London School of Medicine and Dentistry,
Royal London Hospital London, UK

Flora Peyvandi
A Bianchi Bonomi Hemophilia and Thrombosis
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Preface to the seventh edition

Since the sixth edition of Postgraduate Haematology was pub-
lished in 2011, substantial advances have been made in our
understanding of the pathogenesis of inherited and acquired
haematological diseases. This progress has largely resulted from
the application of next generation sequencing of the relevant
exomes and genomes to identify theDNAmutations responsible
for these diseases. For example, mutation of the myeloid differ-
entiation primary response gene (MYD88) has been found in
over 90% of cases of Waldenstrom’s macroglobulinaemia; muta-
tion of calreticulin has been found in most of the JAK2 negative
cases of essential thrombocythaemia and primary myelofibro-
sis; and multiple driver mutations have been shown to underlie
myelodysplasia and acutemyeloid leukaemia revealing the com-
plexity of these diseases and the wide individual variation that
is relevant to their treatment and prognosis. It seems likely that
understanding the genetic complexity of hamatological malig-
nancieswill play an increasingly important role in providing per-
sonalised treatment for specific tumours.
These advances have been accompanied by the introduc-

tion of new, effective, targeted therapies, based on the knowl-
edge that has been gained of the key signalling pathways on
which the malignant cells depend for their proliferation and
survival. For example, inhibitors of the B-cell receptor sig-
nalling pathway have proved life saving in patients with chronic
lymphocytic leukaemia resistant to other therapies, and JAK2
inhibitors are extending survival and quality of life in patients

with myelofibrosis. Other advances in therapy include many
newmonoclonal antibodies used for treating Hodgkin and non-
Hodgkin lymphomas, and new immunomodulatory and protea-
some inhibitory drugs that are increasing life expectancy inmul-
tiple myeloma. The more widespread use of orally active, direct
inhibitors of coagulation and of the orally active iron chelating
drugs are also having a major impact on patient care.
The seventh edition of Postgraduate Haematology reflects

these exciting developments in the diagnosis and treatment
of blood diseases, with revised text, new scientific diagrams
and tables. Douglas Higgs, David Keeling and Atul Mehta
have formed an Editorial team with the original Editor, Victor
Hoffbrand, and many new and previous authors have con-
tributed superb, up to date, well-illustrated, chapters. We thank
most warmly Danny Catovsky, Edward Tuddenham and Tony
Green for their major contribution as Editors of previous edi-
tions.We also thankClaire Bonnett, RobBlundell andTomBates
ofWiley Blackwell who have been responsible for the publishing
process throughout the preparation of this edition and have been
unstinting in their support, patience and professional expertise.
Thanks also to Kathy Syplywczak who project managed this edi-
tion, and we are also grateful once again to Jane Fallows for her
superb art work and scientific diagrams.

AVH, DRH, DK, ABM
London and Oxford
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Preface to the first edition

In this book the authors combine an account of the physiological
and biochemical basis of haematological processes with descrip-
tions of the clinical and laboratory features and management of
blood disorders. Within this framework, each author has dealt
with the individual subjects as he or she thought appropriate.
Because this book is intended to provide a foundation for the
study of haematology and is not intended to be a reference book,
it reflects, to some extent, the views of the individual authors
rather than providing comprehensive detail and a full bibliog-
raphy. For these the reader is referred to the selected reading
given at the end of each chapter. It is hoped that the book will
prove of particular value to students taking either the Primary or
the Final Part of the examination for Membership of the Royal
College of Pathologists and the Diplomas of Clinical Pathology.
It should also prove useful to physicians wishing to gain spe-
cial knowledge of haematology and to technicians taking the
Advanced Diploma in Haematology of the Institute of Medi-
cal Laboratory Technology, or the Higher National Certificate
in Medical Laboratory subjects.
We wish to acknowledge kind permission from the editors

and publishers of theBritish Journal of Haematology, the Jour-

nal of the Royal College of Physicians of London and the
Quarterly Journal of Medicine for permission to reproduce
Figures 4.1, 4.5, 4.10, 4.11, 4.12, 9.4 and 9.10, also the pub-
lishers of Progress in Haematology for Figure 7.2, and many
other publishers who, together with the authors, have been
acknowledged in the text. We are particularly grateful to Pro-
fessor JV Dacie for providing material which formed the basis
of many of the original illustrations in Chapters 4–8. We are
greatly indebted to Mrs T Charalambos, Mrs J Cope and Mrs
D Haysome for secretarial assistance and to Mrs P Schilling and
the Department of Medical Illustration for photomicrography,
art work and general photography.
Finally, we are grateful for the invaluable help and forbearance

we have received from Mr R Emery and William Heinemann
Medical Books.

London, 1972
AVH
SML
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CHAPTER 1

1Stem cells and haemopoiesis
Emma de Pater and Elaine Dzierzak
Erasmus Stem Cell Institute, Erasmus Medical Centre, Rotterdam, Netherlands and University of Edinburgh, Centre for Inflammation Research, UK

Introduction

Haemopoietic stem cells (HSCs) are the foundation of the adult
blood system and sustain the lifelong production of all blood
lineages. These rare cells are generally defined by their abil-
ity to self-renew through a process of asymmetric cell division,
the outcome of which is an HSC and a differentiating cell. In
health, HSCs provide homeostatic maintenance of the system
through their ability to differentiate and generate the hundreds
of millions of erythrocytes and leucocytes needed each day. In
trauma and physiological stress, HSCs ensure the replacement
of the lost or damaged blood cells. The tight regulation of HSC
self-renewal ensures the appropriate balance of blood cell pro-
duction. Perturbation of this regulation and unchecked growth
of HSCs and/or immature blood cells results in leukaemia.
Over the last 50 years, great success has been achieved with
bone marrow transplantation as a stem cell regenerative ther-
apy.However, insufficient numbers ofHSCs are still amajor con-
straint in clinical applications. As the pivotal cells in this essen-
tial tissue, HSCs are the focus of intense research to: (1) fur-
ther our understanding of their normal behaviour and the basis
of their dysfunction in haemopoietic disease and leukaemia
and (2) provide insights for new strategies for improved and
patient-specific stem cell therapies. This chapter provides cur-
rent and historical information on the organization of the adult
haemopoietic cell differentiation hierarchy, the ontogeny of
HSCs, the stromal microenvironment supporting these cells,
and the molecular mechanisms involved in the regulation
of HSCs.

Hierarchical organization and lineage
relationships in the adult haemopoietic
system

The haemopoietic system is the best-characterized cell lineage
differentiation hierarchy and, as such, has set the paradigm for
the growth and differentiation of tissue-specific stem cells. HSCs
are defined by their high proliferative potential, ability to self-
renew and potential to give rise to all haemopoietic lineages.
HSCs produce immature progenitors that gradually and pro-
gressively, through a series of proliferation and differentiation
events, become restricted in lineage differentiation potential.
Such restricted progenitors produce the terminally differenti-
ated functional blood cells.
The lineage relationships of the variety of cells within the

adult haemopoietic hierarchy (Figure 1.1) are based on results of
in vivo transplantation assays in irradiated/myeloablated recip-
ient mice and many in vitro differentiation assays that became
available following the identification of haemopoietic growth
factors. These assays facilitated measurement of the matura-
tional progression of stem cells and progenitors, at or near the
branch points of lineage commitment. Clonal analyses, in the
form of colony-forming unit (CFU) assays or single cell trans-
plantation assays, were developed to define the lineage differen-
tiation potential of the stem cell or progenitor, and to quantitate
the number/frequency of such cells in the population as a whole.
In general, the rarer a progenitor is and the greater its lineage dif-
ferentiation potential, the closer it is in the hierarchy to theHSC.
In vitro clonogenic assays measure the most immature

Postgraduate Haematology, Seventh Edition. Edited by A Victor Hoffbrand, Douglas R Higgs, David M Keeling and Atul B Mehta.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.
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Figure 1.1 The adult haemopoietic
hierarchy. Haemopoietic stem cells are at
the foundation of the hierarchy. Through
a series of progressive proliferation and
differentiation steps the mature blood cell
lineages are produced. Haemopoietic
stem cells have the greatest proliferative
and multilineage differentiation
potential, while the mature blood cells are
not proliferative and are lineage
restricted. While large numbers of mature
cells are found in the blood and turn over
rapidly, the bone marrow contains
long-lived quiescent haemopoietic stem
cells at a very low frequency.

progenitor CFU-GEMM/Mix (granulocyte, erythroid,
macrophage, megakaryocyte), bipotent progenitors CFU-GM
(granulocyte, macrophage) and restricted progenitors CFU-M
(macrophage), CFU-G (granulocyte), CFU-E (erythroid) and
BFU-E (burst-forming unit-erythroid). While such in vitro
clonogenic assays measure myeloid and erythroid potential,
lymphoid potential is revealed only in fetal thymic organ
cultures and stromal cell cocultures in which the appropriate
microenvironment and growth factors are present. Long-term
culture assays (6–8 week duration), such as the cobblestone-
area-forming cell (CAFC) and the long-term culture-initiating
cell (LTC-IC) assays, reveal the most immature of haemopoietic
progenitors. Currently, the major hurdle in studies and clinical
applications of HSCs is the fact that HSCs cannot be expanded
and are poorly maintained in culture. The only way to detect a
bona fide HSC is in vivo.
In vivo, the heterogeneity of the bone marrow population of

immature progenitors and HSCs is reflected in the time peri-
ods at which different clones contribute to haemopoiesis. Short-
term in vivo repopulating haemopoietic progenitor cells such
as CFU-S (spleen) give rise to macroscopic erythro-myeloid
colonies on the spleen within 14 days of injection. Bona fide
HSCs give rise to the long-term high-level engraftment of all
haemopoietic lineages. Serial transplantations reveal the ability

of the long-term repopulating HSCs to self-renew. The clonal
nature of engraftment and the multilineage potential of HSCs
has been demonstrated through radiation, retroviral and bar-
code marking of bone marrow cells. Such studies suggest that,
at steady state, several HSC clones contribute to the haemopoi-
etic system at any one time. Further analyses of bone marrow
HSCs show that this compartment consists of a limited num-
ber of distinct HSC subsets, each with predictable behaviours,
as described by their repopulation kinetics inmyeloablated adult
recipients. In general, the bone marrow haemopoietic cell com-
partment, as measured by in vitro clonogenic assays and in vivo
transplantation assays, shows a progression along the adult dif-
ferentiation hierarchy from HSCs to progenitors and fully func-
tional blood cells with decreased multipotency and proliferative
potential.
The use of flow cytometry to enrich for HSCs and the var-

ious progenitors in adult bone marrow has been instrumen-
tal in refining precursor–progeny relationships in the adult
haemopoietic hierarchy. HSCs are characteristically small ‘blast’
cells, with a relatively low forward and side light scatter and
low metabolic activity. Both mouse and human HSCs are neg-
ative for expression of mature haemopoietic lineage cell-surface
markers, such as those found on B lymphoid cells (CD19,
B220), T lymphoid cells (CD4, CD8,CD3),macrophages (CD15,
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Mac-1) and granulocytes (Gr-1). Positive selection for mouse
HSCs relies on expression of Sca-1, c-kit, endoglin and CD150
markers and for human HSCs on expression of CD34, c-kit, IL-
6R, Thy-1 and CD45RA markers. Similarly, cell types at lineage
branch points have been identified, including the CMP (com-
mon myeloid progenitor), CLP (common lymphoid progeni-
tor) and GMP (granulocyte macrophage progenitor). Recently,
using the Flt3 receptor tyrosine kinase surface marker along
with many other well-studied markers, the LMPP (lymphoid
primed multipotent progenitor) has been identified within the
lineage negative, Sca-1 positive, c-kit positive (LSK) enriched
fraction of HSCs. These cells have granulocyte/macrophage, B
lymphoid and T lymphoid potential, but little or no megakary-
ocyte/erythroid potential. This suggests that the first lineage dif-
ferentiation event is not a strict separation into common lym-
phoid and myeloid pathways. While these cell-surface marker
changes and functional restriction events are represented by dis-
crete cells in theworkingmodel of the haemopoietic hierarchy as
depicted in textbooks and Figure 1.1, it ismost likely that there is
a continuumof cells between these landmarks and/or alternative
differentiation paths. The currently identified progenitor cells in
the hierarchy represent the cells present at stable and detectable
frequencies and for which we currently have markers and func-
tional assays. Asmore cell-surfacemarkers are identified and the
sensitivity of detection is increased, additional intermediate cell
subsets are likely to be identified. Together with single cell tran-
scriptomic approaches, it may be possible to predict the molec-
ular events needed for the HSC state and the differentiation of
the entire haemopoietic system.

Sites of adult haemopoiesis

Bone marrow, spleen, thymus and lymph nodes are the
haemopoietic sites in the adult, and each tissue plays a special
role in supporting the growth and differentiation of particular
haemopoietic cell lineages and subsets. Equally important is the
blood itself, which is a mobile haemopoietic tissue, with mature
blood cells travelling through the circulation to function in all
parts of the body. Not only do the terminally differentiated cells,
such as erythrocytes and lymphocytes,move bymeans of the cir-
culation, but HSCs (at low frequency) also migrate through the
circulation from the bonemarrow to other haemopoietic tissues.
HSCs aremostly concentrated in the bonemarrow and are found
in the endosteal and vascular niches (Figure 1.2). HSCs can be
induced to circulate by administration of granulocyte colony-
stimulating factor (G-CSF). Recent improvements in confocal
microscopy have allowed the visualization of the migration of
circulating HSCs to the bone marrow endosteal niche by time-
lapse imaging in the mouse.
The estimated frequency ofHSCs is 1 per 104–105 mouse bone

marrow cells and 1 per 20 × 106 human bone marrow cells.
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Figure 1.2 The bone marrow haemopoietic niches. Haemopoietic
stem cells are found in the endosteal and endothelial niches of the
bone marrow. These niches support the maintenance, self-renewal,
expansion, differentiation, migration and survival of haemopoietic
stem cells through local growth factor production and cell–cell
interactions.

HSCs are also found in the mouse spleen at approximately a
10-fold lower frequency and in the circulating blood at a 100-
fold lower frequency. The capacity for HSCs to migrate and
also be retained in bone marrow supportive niches is of rele-
vance to clinical transplantation therapies. HSCs injected intra-
venously in such therapies must find their way to the bone
marrow for survival and effective haemopoietic engraftment.
For example, stromal-derived factor (SDF)-1 and its recep-
tor CXCR4 (expressed on HSCs) are implicated in the move-
ment of HSCs and the retention of HSCs in the bone marrow.
Indeed, HSC mobilization can be induced through AMD3100,
an antagonist of SDF-1, and by the administration of G-CSF.
Mobilization strategies with G-CSF are used routinely to stim-
ulate bone marrow HSCs to enter the circulation, allowing ease
of collection in the blood rather than through bone marrow
biopsy.

Development of HSCs

Waves of haemopoietic generation in
embryonic development

Until the mid-1960s it was thought that blood cells were
intrinsically generated in tissues such as the liver, spleen, bone
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marrow and thymus. Survival studies in which cells from
un-irradiated tissues were injected into lethally irradiated mice
showed that it was the bone marrow that contains the potent
cells responsible for rescue from haemopoietic failure. Later,
through clonal marking studies, it was demonstrated that the
bone marrow harbours HSCs during the adult stages of life. But
where, when and how are HSCs generated during ontogeny?
In the 1970s, examination of mouse embryo tissues suggested
that adult haemopoietic cells are generated in the yolk sac,
migrate and colonize initially the fetal liver and subsequently
the bone marrow, where they reside throughout adult life.
However, studies in non-mammalian vertebrate models (avian
and amphibian) demonstrated that the aorta region in the
body of the embryo generates the long-lived adult blood
system, while the yolk sac (or equivalent tissue) produces the
transient embryonic haemopoietic system. In agreement with
these studies, the aorta–gonad–mesonephros (AGM) region of
mammalian embryos was later found to generate the first HSCs
of the permanent adult blood system.
The development of the haemopoietic system is complex. As

a growing organism, the embryo itself needs rapid haemopoiesis
to allow it to thrive before the adult system is generated. Thus,
a simple transient haemopoietic system is generated at early
embryonic stages to rapidly produce primitive erythroid and
myeloid cells. In the yolk sac, both haemopoietic and endothelial
cells are simultaneously generated from a commonmesodermal
precursor cell, the haemangioblast (Figure 1.3). Thereafter,
other haemopoietic progenitor and differentiated cell types are
generated in both the yolk sac and the intraembryonic AGM
region to create an intermediate haemopoietic system. These
progenitors and differentiated cell types arise from a specialized
population of endothelial cells that have haemogenic potential
(haemogenic endothelial cells). At both these early times in
ontogeny, the mouse embryo contains no HSCs. Hence, in the
absence of HSCs, the embryo generates a haemopoietic system
that is short-lived and lacks the important qualitative character-

Haemangioblast

Haemopoietic Endothelial Haemopoietic

Haemogenic 
endothelium

Figure 1.3 Precursors to haemopoietic cells in embryonic stages.
The mesodermal precursor to haemopoietic and endothelial
lineages at early stages of development is the haemangioblast.
Later, haemogenic endothelial cells are the precursors to
haemopoietic stem cells and progenitor cells. Both precursors
appear to exist during a short window of developmental time.
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Figure 1.4 Waves of haemopoietic cell emergence during
embryonic stages. The earliest haemopoietic cells are produced
during the first wave of haemopoietic fate determination. The
onset of this wave occurs in the yolk sac blood islands and
produces transient primitive erythroid cells. This wave continues
with the production of erythroid-myeloid progenitors in the
absence of bona fide haemopoietic stem cells. True long-lived
self-renewing definitive haemopoietic stem cells (adult
repopulating stem cells) are generated in the second wave of
haemopoietic cell emergence in the AGM region. In this wave,
haemogenic endothelial cells bud into the aortic lumen as these
cells take on haemopoietic stem cell fate.

istics (longevity and self-renewability) of the adult haemopoietic
system. However, some early yolk sac progenitors provide long-
lived tissue resident macrophages, such as the glial cells in the
brain. The independent and distinct waves of haemopoiesis that
supply the embryo and adult are likely derived from different
subsets of mesodermal precursor cells (Figure 1.4).
The adult system has its foundation in a cohort of initiating

HSCs. The first adult HSCs are autonomously generated in the
mouse AGMat E10.5 and in the humanAGMbeginning at week
4 of gestation. Recently, the process of HSC generation has been
visualized in real time in the mouse embryo. This remarkable
demonstration confirms that HSCs are derived via a transdif-
ferentiation event in which specialized endothelial cells lining
the aorta bud into the lumen to form round cells with HSC fate
(Figure 1.5), and shows that haemopoietic development is con-
served between mammalian and non-mammalian species. The
emerging mouse aortic HSCs are characterized by the loss of
cell-surface markers for endothelium, such as Flk-1 and VE-
cadherin, and the gain of expression of haemopoietic markers
CD41 andCD45 andHSCmarkers Sca1, c-kit and endoglin. The
emerging aorticHSCs are as functionally potent as bonemarrow
HSCs, since these sorted cells can form a complete long-term
haemopoietic system and self-renewing HSCs after transplanta-
tion into irradiated adult recipient mice.
Lineage tracing experiments in the mouse embryo have indi-

cated that the adult haemopoietic system is generated during a
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Figure 1.5 Schematic diagram of the aorta–gonad–mesonephros
(AGM) region and haemopoietic cell clusters emerging from the
dorsal aorta. The haemopoietic stem-cell-inductive
microenvironment is localized in the ventral aspect of the aorta.
Tissues ventral to the AGM, such as the gut and mesenchyme
provide HSC-inducing signals, whereas dorsal tissues such as the
notochord and the neural tube suppress HSC induction.

short window of development, spanning E9–E12. Using Cre-lox
recombination (temporally and cell-lineage controlled) to mark
endothelial cells in the mid-gestation embryo, it was found that
almost all the blood cells in the circulation and haemopoietic tis-
sues of the adult mice were derived from VE-cadherin express-
ing cells. Moreover, these cells require the Runx1 transcription
factor, as demonstrated by Runx1 conditional deletion in this
mouse model. Other lineage tracing experiments marking the
earliest cells expressing the Runx1 and SCL transcription factor
genes, showed that the progeny contributed to the bone mar-
row cells in the adult. Thus, the progeny of haemogenic endothe-
lial cells in the major vasculature of the embryo contribute to a
cohort of adult bone marrow HSCs that form the foundation of
haemopoiesis throughout adult life.

Embryonic haemopoietic sites and
haemopoietic migration

The AGM and yolk sac are not the only sites where haemopoi-
etic cells are found in the early conceptus. The placenta is a
highly haemopoietic tissue and much like the early-stage yolk
sac, the mouse placenta can produce erythro-myeloid progeni-
tors. Embryos deficient for the Ncx1 gene lack a heartbeat and
circulation, and thus were used to study the origins of early
haemopoietic progenitors. Ncx1 deficient embryos were shown
to contain erythro-myeloid progenitors in the yolk sac and pla-
centa, demonstrating that these haemopoietic progenitors are
generated by these tissues. Unfortunately, the embryos die before
the onset of HSC generation at mid-gestation, precluding anal-
ysis of HSC production in the yolk sac and placenta. In nor-
mal embryos where the circulation is established between the
embryo body and the extraembryonic tissues at E8.25, HSCs
are detected in the placenta and yolk sac only beginning at E11,
subsequent to the first HSC generation in the AGM at E10.5.

A recent study revealed the presence and generation of HSCs
in the E10.5/E11 head vasculature through lineage marking. It
remains uncertain whether the placenta (or the yolk sac) can
generate HSCs de novo since there is no method at present
by which cells can be uniquely marked in these developing tis-
sues. Nonetheless, quantitative studies in which HSC numbers
in each of these tissues was determined suggest that the AGM
cannot generate all the HSCs that are found in the fetal liver
(a tissue that harbours haemopoietic cells but does not gen-
erate them) and later in the adult bone marrow (Figure 1.6).
Since the placenta at mid-gestation contains an abundance of
HSCs, it is possible that this highly vascularized tissue generates
HSCs from haemogenic endothelium and/or that the placenta
is a highly supportive and proliferative microenvironment for
AGM-derived HSCs.
The development of the haemopoietic system in the human

conceptus closely parallels that in the mouse conceptus. Like
the mouse placenta, the developing human placenta contains
HSCs. Already at week 6 of gestation HSCs can be detected,
as analysed by in vivo xenotransplantation into immunodefi-
cient mice; also, haemopoietic progenitors are found at these
early stages. Phenotypic characterization shows that HSCs and
progenitors are in both the CD34-positive and CD34-negative
fractions at week 6 of gestation and are exclusively in the CD34-
positive fraction by week 19. These cells are in close association
with the placental vasculature. The placenta may be considered
a source of haemopoietic progenitors and HSCs in addition to

Bone
marrow

Fetal liver

Placenta

Yolk sac

AGM

Figure 1.6 Haemopoietic sites during development. The first
haemopoietic stem cells arise in the AGM region. Other
haemopoietic cells and progenitors are generated in the yolk sac
and placenta. It is as yet undetermined whether the yolk sac and
placenta can generate haemopoietic stem cells. Haemopoietic cells
generated in these three tissues migrate and colonize the fetal liver.
Subsequently, the long-lived haemopoietic cells (primarily the
haemopoietic stem cells) migrate and colonize the bone marrow,
where they reside in the adult stages of life.
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umbilical cord blood for preclinical studies and potential clinical
therapies.

HSC quiescence, proliferation and ageing

Somatic stem cells undergo lifelong self-renewal and possess
the potential to produce the differentiated cells of the tissue.
HSCs are considered to be relatively dormant stem cells, dividing
rather infrequently. They are enriched in the quiescent fraction
of adult bone marrow and are resistant to 5-fluorouracil (which
is an antimetabolite drug that results in the death of rapidly
dividing cells). Recent studies in mice using a label-retaining
method for analysis of cycling versus non-cycling cells show that
under homeostatic conditions, dormant HSCs cycle only once
every 21 weeks. The adult mouse possesses approximately 600
dormant LSK CD150+CD48−CD34− HSCs. Interestingly, 38%
of HSCs in G0, considered to be the dormant HSCs, can be acti-
vated by myelo/lymphodepletion during injury, 5-fluorouracil
or G-CSF administration, and can return to the dormant state
after the re-establishment of homeostasis.
The maintenance of HSC dormancy is thought to be an

important strategy for preventing stem cell exhaustion during
adult life. Serial transplantations in the mouse demonstrate that
HSC self-renewal is limited to about six rounds of transplanta-
tion and that there is a progressive decrease in the ability of the
transplanted stem cells to repopulate/self-renew. It has been pro-
posed that accumulating DNA mutations and loss of telomere
repeats adversely affect HSC function. Studies of chromosome
shortening in human HSCs suggest that self-replication is lim-
ited to about 50 cell divisions. Recently, it was found that HSC
characteristics are changed in aged mice. Comparison of vari-
ous inbred mouse strains has shown that the rate of haemopoi-
etic cell cycling is inversely correlated with their mean lifespan.
The decrease in HSC quality was due to cell-intrinsic genetic
or epigenetic factors. Causative genes were identified by tran-
scriptional profiling comparisons between the HSCs of the dif-
ferent strains. Of particular interest are chromatin modifiers
involved in prevention of HSC exhaustion throughmaintenance
of a stem-cell-specific transcriptional programme. Changes
in chromatin structure associated with high HSC turnover
would result in stem cell senescence (which is thought to pro-
tect stem cells from malignant transformation by oncogenic
events).
Transplantations of single HSCs from both the fetal liver and

adult bone marrow have revealed HSC heterogeneity in lineage
differentiation output related to developmental stage and aging:
some HSCs give a balanced lineage differentiation output of
myeloid and lymphoid cells, whereas others yield a predominant
lymphoid or myeloid cell lineage output. During fetal stages,
HSCs with a balanced lineage output are at a higher frequency
than in adult BM. During aging the frequency of BMHSCs with
a predominant myeloid output increases as compared to the fre-
quency of HSCs with a balanced lineage output or predominant

lymphoid output. HSCs with a predominant myeloid output can
also be found in prenatal life. Thus, the myeloid type HSC is not
unique to aging – it is the prevalence to maintain these HSCs
that is.
It is unclear why such heterogeneity in HSCs exists. HSCs

generally do not undergo apoptosis in response to DNA dam-
age and have adopted several mechanisms to preserve stem-
ness rather than self-renewal, to reduce DNA damage and/or
to prevent inappropriate differentiation leading to loss of HSCs.
Both developmental and stem cell protective mechanisms may
assist in providing maximum HSC fitness during reproductive
life, providing an evolutionary benefit. Altered gene expression,
however, may drive lymphoid differentiation, deplete lymphoid-
biasedHSCs and thus contribute to the relative predominance of
myeloid-biased HSCs.

Haemopoietic-supportive
microenvironments

Adult bone marrow microenvironment

Most tissue-specific stem cells are maintained in special
microenvironments/niches that support long-term cell growth
and self-renewal. To provide the continuous production of
human blood over the many decades of adulthood, HSCs are
maintained in the specialized haemopoietic-supportive niches
of the adult bone marrow (Figure 1.2). The importance of the
bone marrow haemopoietic niche and the interactions between
supportive cells and HSCs was first demonstrated in mice. In
transplantation studies of anaemic mouse strains naturally defi-
cient in the c-kit receptor tyrosine kinase (Wmice) or kit-ligand
(KL; Steel mice) it was revealed that bone marrow from W
mutant mice could not repopulate the haemopoietic system of
wild-type irradiated recipient mice, whereas bone marrow from
Steel mutant mice could. In contrast, W mutant mice could be
repopulated by wild-type donor bone marrow cells, whereas
Steel recipients were defective for repopulation by wild-type
donor cells. It was proposed that a receptor–ligand interaction
was involved to supportHSCswithin the bonemarrowmicroen-
vironment. It was subsequently shown that HSCs express c-kit
and bone marrow stromal cells express KL. The development
of ex vivo culture systems to study this complex microenviron-
ment allowed further dissection of the cellular and molecular
aspects of the bone marrow microenvironment. These studies
were aided by the isolation of mesenchymal stromal cells.
Stromal cell lines have been derived from the adult mouse

bonemarrow and fetal tissues. These are generally of mesenchy-
mal lineage, as determined by cell-surface marker expression
and their osteogenic and adipogenic potentials. Althoughwidely
heterogeneous in their ability to support haemopoiesis, some
stromal lines (MS5 and AFT024, for example) have been shown
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to support the growth and/or maintenance of HSCs in cocul-
tures for long periods. Moreover, they have been instrumen-
tal in further characterization of these haemopoietic-supportive
niches. Comparative transcriptional profiling and database anal-
ysis of HSC supportive and non-supportive stromal cell lines
has revealed a complex genetic programme involving a wide
variety of known molecules and molecules whose function in
haemopoiesis is currently under investigation.
The in vivo bonemarrowmicroenvironment is very complex,

containing osteoblastic niches and vascular niches localized
within the trabecular regions of the long bones. HSCs are main-
tained in close associationwith the so-called ‘stromal cells’ of the
niches (osteoblasts and vascular endothelial cells). Along with
KL, some of the key molecular regulators within the bone mar-
row niches include N-cadherin and CD150, and signalling path-
waymolecules SDF1,Notch,Wnt,Hedgehog, Tie2/angiopoietin,
transforming growth factor (TGF), bone morphogenetic pro-
tein (BMP) and fibroblast growth factor (FGF). These regula-
tors are implicated in a variety of cellular processes, such as HSC
maintenance, differentiation, self-renewal and homing. Indeed,
live tracking of haemopoietic progenitor/stem cells in themouse
model has shown the homing ability of these cells to bone mar-
row niches, and mouse models as well as in vitro culture sys-
tems are beginning to reveal the specific molecular mechanisms
involved.

Microenvironments important for
haemopoietic development in the conceptus

Prior to the establishment of an adult haemopoietic-supportive
microenvironment, the embryo contains several haemopoietic
microenvironments that are supportive and/or inductive. The
extraembryonic yolk sac and placenta, and the intraembryonic
AGMgenerate haemopoietic progenitor cells, whereas the AGM
region generates the first adult repopulating HSCs (Figure 1.6).
Little is known about the differences between the microenvi-
ronments of the embryonic haemopoietic tissues. However, the
AGM microenvironment is the most-well characterized due to
the simplicity of its structure, with the aorta at themidline of the
embryo and the laterally located gonads and mesonephroi (Fig-
ure 1.5). The avian AGM microenvironment contains different
types of mesenchymal cells and a population of aorta-associated
stem cells called ‘mesoangioblasts’ that contribute to cartilage,
bone and muscle tissues, and also to blood. In the mouse AGM
region, cells more typical of mesenchymal stromal cells have
been found. Interestingly,mapping and frequency analysis in the
mouse conceptus show that mesenchymal progenitors, with the
potential to differentiate into cells of the osteogenic, adipogenic
and/or chondrogenic lineages, reside in most of the sites har-
bouring haemopoietic cells, suggesting that both the HSC and
mesenchymal stromal cell microenvironment develop in par-
allel. Phenotypic characterization of haemopoietic-supportive
AGM stromal lines places them in the vascular smooth muscle

cell (VSMC) hierarchy, in between a mesenchymal stem cell and
a VSMC. Other niche cells include cells of the nervous system
and endothelial cells.
Stromal cell lines established from the AGM region, placenta

and fetal liver can support immature haemopoietic progenitors
and HSCs and are more supportive as compared to adult bone
marrow cell lines. Some can also support the haemopoietic dif-
ferentiation of embryonic stem (ES) cells. Such stromal cell lines
in a re-aggregate culture system have been able to support the
differentiation of cells with a haemogenic endothelial pheno-
type (VE-Cad+CD45−CD41+ cells from mouse embryos before
the onset ofHSC generation) into long-term repopulatingHSCs.
This highlights that in an ex vivo controlled environment, cells
with a potential to become HSCs, can be influenced to do so by
other cells. However, it is still unknown whether the inductive
factors in the stromal/re-aggregate cultures are the same factors
produced in the in vivo physiologic HSC-inductive microenvi-
ronment. It is likely that HSC induction is a complex process
requiring a variety of spatial and temporal cues emanating from
several cell types in the niches of the embryo.
Within the normal physiology of the embryo, the AGM

lies between the ventral tissue that includes mesenchyme and
the endoderm-derived gut, and the dorsal tissue including the
notochord and the ectoderm-derived neural tube (Figure 1.5).
Mouse AGM explant culture experiments have shown that
dorsal tissues/signals repress AGM HSC activity and ventral
tissues/signals enhance HSC emergence. In both mouse and
human AGM regions, cells expressing HSC markers are closely
adherent to the vascular endotheliumon the ventral aspect of the
aorta. In the mouse, at precisely E10.5, single endothelial cells
bud into the lumen as they take on HSC identity (Figure 1.5).
Importantly, HSC activity, as determined by functional trans-
plantation assays, is localized exclusively to the ventral aspect
of the mouse mid-gestation aorta. Thus there is a strong posi-
tive ventral positional influence onHSC generation in the AGM,
and morphogens and local signals emanating from the ventral
endodermal tissuesmay be responsible for establishing theHSC-
inductive microenvironment.
Haemopoietic transcription factors required for HSC gener-

ation such as Gata2 and Runx1 are expressed in cells of the
ventral aortic clusters and endothelium. Deletion of Gata2 and
Runx1 genes in mice leads to mid-gestation embryonic lethal-
ity, with complete absence of adult haemopoiesis (although
embryonic haemopoiesis occurs), thus demonstrating that these
two pivotal transcription factors promote the HSC genetic pro-
gramme. Zebrafish and frog embryos have been useful mod-
els for dissecting the cascade of upstream events that lead to
HSC induction. Developmental growth factor signalling path-
ways, such as the BMP,Hedgehog andNotch pathways, converge
to activate expression of the two transcription factors in aortic
haemopoietic cells and promote the HSC programme. In both
the mouse and human embryo, BMP4 is expressed in the mes-
enchyme underlying the ventral aspect of the aorta at the time
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of haemopoietic cluster formation. Culture experiments have
demonstrated the positive influence of BMP4 exposure tomouse
and human HSC-containing cell populations. BMP4 has been
found to act directly on HSCs in the AGM and, in addition, may
stimulate themicroenvironment to produceHSC effectors. Sim-
ilarly, Hedgehog signalling regulates HSCs in the AGM region,
likely in an indirect way through VEGF. Other ventrally local-
ized HSC regulators include the Notch signalling molecules, as
well as Wnt3a and interleukin (IL)-1.
High-throughput chemical screens offer a means of identify-

ingmolecules involved inHSC growth,maintenance and expan-
sion. Through such a screen in zebrafish embryos, prostaglandin
E2 (PGE2) was recently identified as a regulator of HSC num-
ber. When tested in the murine transplantation model, ex vivo
exposure of bone marrow cells to PGE2 enhanced short-term
repopulation by haemopoietic progenitors and increased the fre-
quency of long-term repopulating bone marrow HSCs. PGE2
modifies theWnt signalling pathway, which in turn is thought to
controlHSC self-renewal and bonemarrow repopulation. Extra-
cellular environmental cues, such as blood flow, also affect HSC
generation. A zebrafish chemical screen identified modulators
of blood flow such as nitric oxide synthetase (NOS). Inhibition
or deficiency of NOS reduces murine bone marrow HSC num-
ber/function. Thus, together with general physiological cues,
such as the haemopoietic growth factors, KL, IL-3, Flt3 and
thrombopoietin, chemical modulators and developmental regu-
latorsmay be useful for expansion ofHSCnumber and enhance-
ment of HSC function for therapeutic purposes.

Haemopoietic regenerative and
replacement therapies

Stem cell transplantation

For over 50 years, HSC transplantation has been the most suc-
cessful and significant clinical cell regenerative therapy (see
Chapter 35). Initially, whole bone marrow was the source of
cells used in clinical transplantation, but through experience and
much research new and/or improved sources of transplantable
HSCs were found. These now include the CD34+CD38− frac-
tion of adult bone marrow, mobilized peripheral blood HSCs
and the CD34+CD38− fraction of umbilical cord blood. The
cumulative data from the large number of patients worldwide
receiving a bone marrow transplant provide valuable informa-
tion on the success of autologous versus allogeneic transplan-
tation, the number of human leucocyte antigen (HLA) differ-
ences that are tolerated by the recipient, the incidence of graft-
versus-host disease (GVHD), and the unexpected and advanta-
geous graft-versus-leukaemia effect.
Interestingly, umbilical cord blood (UCB) appears to offer a

beneficial source of HSCs for several reasons: UCB HSCs are

young, being harvested at the neonatal stage of development,
thus circumventing concerns about the ageing of HSCs; UCB
transplantation induces less frequent and less severe GVHD,
sinceUCB containsmany fewer activated T cells than adult bone
marrow; also, UCBHSCs are highly proliferative. However, only
relatively small numbers of cells are harvested (approximately
10-fold lower than those in adult bone marrow) and this lim-
its their use to paediatric patients, unless multiple UCB units
are transplanted. Despite increases in the number of UCB units
(400 000) stored in cord blood banks (>50) around the world
(catalogued and recorded by EUROCORD and other coordinat-
ing efforts) andHLAdonor-cell selection for rare haplotypes, the
supply of HSCs is still limited.

Gene therapy and gene editing for
haemopoietic disease

Monogenic disorders of the blood are the first targets of gene
therapy approaches. To effect a cure for a haematologic dis-
ease in which a single gene or regulatory element is mutated,
a viral vector containing a normal copy of the gene is used to
introduce and express the gene in HSCs. Gene therapy for β-
haemoglobinopathies, such as β-thalassaemia and sickle cell dis-
ease, were among the first proposed and tested inmousemodels.
Primary immunodeficiencies (PID) are also monogenic disor-
ders and result in the absence of (parts of) the innate and adap-
tive immune system. Patients can be cured with allogeneic HLA
matched (related) HSC transplantation. However, donor avail-
ability is limited. For patients without an allogeneic donor, gene
therapy of their own bone marrow HSCs and subsequent autol-
ogous transplantation is the only option for curative treatment.
Lentiviral vector infection offers an efficient mode of delivery
of a functional copy of the mutated gene into the genome of the
patient’s ownHSCs used for transplantation. In initial gene ther-
apy trials of immunodeficient patients, lenti-viral vector inser-
tions in the genome of some transplanted HSCs resulted in acti-
vation of oncogenes, the selective growth of these HSC clones
and the onset of leukaemia. More recent trials have incorpo-
rated a safety feature in the lentivirus that reduces (but has
not completely eliminated) the unwanted activation of onco-
genes in the case of viral insertion. In 2010 a new gene therapy
clinical trial was initiated for Wiscott–Aldrich (WAS) patients
who suffer from thrombocytopenia, eczema, recurrent infec-
tions, autoimmune disorders and high susceptibility to develop
tumours. To date, all patients are alive and show significant
increase in platelets and T cells, although long-term follow-
up is required. Similar results have been obtained for adeno-
sine deaminase-deficient severe combined immunodeficiency
(ADA SCID) where 40 patients have been treated since 2000
in Italy, the UK and the US without any reports of malignant
occurrences. X-linked SCID and chronic granulomatous disease
(CGD) patients have also undergone gene therapy treatment,
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albeit with less success. The treatment for CGD was impaired
since the earliest trials did not make use of myeloablation to
enhance chimerismof the gene-manipulated graft. Gene therapy
trials for β-thalassaemic patients are ongoing and encouraging,
but for successful treatment, higher levels of gene expression and
HSC chimerism will be needed.
Clinical trials with gene therapy are promising. However,

lentiviral vector insertions that may result in malignant clone
outgrowth remain a risk. New gene editing techniques offer new
hope for gene correction directly within the gene of concern.
Gene editing makes use of endonucleases (zinc finger nucle-
ases, TALENs or CRISPR/Cas9) to target a specific genomic
site and repair the mutated gene or insert a functional gene
under the control of its own promoter. This method leaves no
extra genetic modulation. At present this approach requires pro-
longed cell culture and a selection step for the corrected HSCs,
and thus requires further research developments in HSC growth
and expansion before it will be clinically useful. Gene ther-
apy for genetic disorders of coagulation proteins is discussed in
Chapter 38.

New sources of HSCs for transplantation

The ability to expand HSCs ex vivo is a theoretically practical
and attractive means to obtain an accessible and limitless source
of HSCs for transplantation therapies. Unfortunately, despite
many years of research using different culture systems and
combinations of haemopoietic growth factors and proliferation-
stimulating agents, ex vivo expansion of HSCs has not been
achieved. However, HSC developmental studies have begun to
provide new insights into the processes directing the generation
and growth of HSCs. If cells such as the haemogenic endothe-
lial cells of the embryonic aorta are present in the adult vascula-
ture or could be obtained from ES/iPS cells, they could provide
a novel source of inducible HSC precursors, particularly if they
can be sustained and expanded to large numbers in culture.

Embryonic stem cells and induced pluripotent
stem cells

Pluripotent embryonic stem (ES) and induced pluripotent stem
(iPS) cells have been used to generate differentiated cells in
many tissue systems, including the haemopoietic system. Devel-
opmental studies revealing the temporally and spatially limited
production of HSCs in the embryonic vasculature, the compo-
nents of the specific microenvironment, and the knowledge of
the molecular programme of endothelial to haemopoietic cell
transition have yielded insight into how HSCs may be induced
and/or expanded without undergoing differentiation in such
cultures. Haemopoietic-directed differentiation of human iPS
cells towards endothelial cells, haemogenic endothelial cells and
HSCs would be a potentially attractive alternative to conven-

tional sources of HSCs. Furthermore, such a cell culture system
wouldmake possible the use of novel gene editing approaches for
monogenetic disorders. These gene correction approaches could
be used in combination with patient-derived iPS cells. Studies
using mouse and human ES cells have optimized culture con-
ditions to include temporally changing combinations of growth
factors (ActivinA, BMP4, VEGF, etc.) and signalling pathway
antagonists to control differentiation to the mesodermal, vascu-
lar and thereafter the haemopoietic lineage. The ES-cell-derived
haemopoietic cells arise from haemangioblasts and/or primi-
tive endothelial-like cells that express PECAM-1, FLK-1 (KDR)
and VE-cadherin, and are thought to represent the types of
precursors, progenitors and differentiated cells found normally
in the yolk sac. These results have strengthened the idea that
ES cell differentiation proceeds via a ‘haemogenic endothelial’
differentiation step, before definitive haemopoietic cells can be
produced and require activation of the Wnt-β-catenin pathway
(Figure 1.7).
An alternative approach to produceHSCs ex vivo has recently

emerged. This molecular reprogramming approach aims to
reprogramme non-haemopoietic or differentiated haemopoi-
etic cells directly to HSCs, without going through a pluripotent
stem cell state. Such induced HSCs, or iHSCs would be gener-
ated through reprogramming directed by transcription factors
pivotal to HSC generation and/or growth. Several laboratories
have been able to generate haemopoietic progenitors or stem
cells from more differentiated cells using four to eight different
haemopoietic transcription factors previously identified from
HSC transcriptome databases. In one case, mouse endothelial-
like precursor cells (Sca1+, Prominin 1+ and expressing a
human CD34 reporter) have been converted into haemopoi-
etic progenitors using the factors Gata2, Gfi1b, cFos and Etv6.
A human myeloid precursor (CD34+CD45+) cell has been
converted into a haemopoietic progenitor cell (CD34+CD38−)
using HOXA9, SOX4, RORA, andMYB; however, neither study
was able to generate long-term repopulating HSCs. A study con-
verting mouse committed B cell progenitors using a mix of
eight transcription factors (Run1t1, Hlf, Lmo2, Prdm5, Pbx1,
Zfp37, Myc-n and Meis1) has resulted in long-term repopulat-
ingHSCs. In this method, B cell progenitors are transduced with
the eight factors, and immediately transplanted into irradiated
recipients. In this way the native bone marrow niche preserves
the new iHSCs and allows them to be maintained and function
in the physiologic context of the recipient (Figure 1.7). Whereas
this study demonstrates that transcription factor transduction
of haemopoietic cells can yield HSCs, this approach is limited in
applications for research or therapy. The fact that each of these
studies uses a completely different panel of transcription fac-
tors to make induced HSCs or HPCs indicates that there may
be more than one way to reprogramme cells to the haemopoi-
etic lineage and that a further understanding of HSC biology is
required.
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Figure 1.7 Several experimental approaches to generate HSCs
de novo. De-differentiation of pre-B cells with eight transcription
factors and immediate transplantation in vivo, allows for the
production of multilineage, self-renewing HSCs due to the
presence of functional HSC niches that are as yet not attainable in
in vitro cultures. To date, direct reprogramming of B cell
progenitors and immediate transplantation into irradiated mouse
recipients has been the only study successful in generating HSCs.
Reprogramming with four pivotal haemopoietic transcription
factors has yielded haemogenic endothelial cells and haemopoietic

progenitors, but not HSCs. In vitro haemopoietic differentiation of
ES and iPS cells relies on the addition of developmental and
haemopoietic growth factors to induce the progressive
differentiation of these pluripotent cells to mesoderm, endothelial,
haemogenic endothelial and haemopoietic fates. As this culture
system improves, it may be possible to make iPS cells from patients
with monogenic disease and correct the gene mutation by gene
editing. These cells may then be differentiated to HSC fate and
used for clinical treatment.
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CHAPTER 2

2Erythropoiesis
Douglas R. Higgs, Noémi Roy and Deborah Hay
Weatherall Institute of Molecular Medicine, John Radcliffe Hospital, Oxford, UK

Introduction

Erythropoiesis is the generation of red blood cells carrying the
respiratory pigment haemoglobin, for the transport of oxygen
to the tissues. This process, from the erythroid commitment of
multipotent haemopoietic stem cells (HSCs), through the mat-
uration of erythroblasts, to the terminal differentiation of red
blood cells, is governed by complex transcriptional and epige-
netic programmes, in response to extracellular signalling. Ery-
thropoiesis normallymaintains the steady state of an individual’s
red cell mass, producing 1011–1012 new cells per day to replace
those that are lost through senescence or premature destruction.
Furthermore, erythropoiesis must be able to respond rapidly to
erythroid stress such as haemorrhage and haemolysis. Perhaps
unsurprisingly, this system is remarkably sensitive to systemic
disease, with anaemia being a common manifestation of a wide
range of inherited and acquired clinical disorders. Understand-
ing the basic biology of erythropoiesis provides a logical basis
for the diagnosis and treatment of the inherited and acquired
anaemias that are so frequently encountered in clinical prac-
tice. In this chapter, we outline the normalmechanisms underly-
ing erythroid specification, differentiation and maturation, and
highlight some of the ways in which this complex system may
fail in erythroid diseases.

The origins of erythroid cells during
development

Both primitive (embryonic) and definitive (fetal/adult) HSCs
arise in close association with endothelial cells. HSCs and

endothelial cells are thought to arise from a common progen-
itor, the haemangioblast, which has the potential to form both
blood and vessels (Chapter 1). Erythropoiesis occurs in waves
that emerge from several sites in the developing embryo, and
begins at the same time as development of the circulatory sys-
tem. Primitive erythropoiesis is first evident at around three
weeks of gestation, and arises from the blood islands of the
extraembryonic yolk sac. A second wave of haemopoietic activ-
ity emerges from the yolk sac at approximately 4 weeks’ ges-
tation, and marks the onset of definitive erythropoiesis. Ery-
throid progenitors released into the circulation at this time pass
to the liver, which becomes the main site of erythropoiesis in the
fetus. A final wave of haemopoietic activity occurs in the aorta–
gonad–mesonephros (AGM) region, the placenta and the major
vessels at approximately 4–6 weeks of gestation. By 10–12 weeks,
haemopoiesis starts to migrate to the bonemarrow, where blood
formation becomes established during the last three months of
gestation (Chapter 1).
Primitive and definitive erythropoietic cells are distinguished

by their morphology, cytokine responsiveness, growth kinet-
ics, transcription factor programmes, epigenetic programmes
and patterns of gene expression. Importantly, the types of
haemoglobin produced are quite distinct in embryonic (Hb
Gower I ζ2ε2, Hb Gower II α2ε2 and Hb Portland ζ2γ2), fetal
(HbF α2γ2) and adult (HbA α2β2 and HbA2 α2δ2) erythroid
cells. These specific patterns of globin expression provide crit-
ical markers for identifying the developmental stages of ery-
thropoiesis. It remains unclear whether primitive and definitive
haemopoiesis in mammals have entirely separate origins or if
they are both derived from common stem cells that arise during
early development. Accurately defining the embryological ori-
gins of these cells (Chapter 1) is important for understanding
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the normal mechanisms that establish and maintain HSCs and
how these programmes are subverted in common haematologi-
cal disorders.

Specifying the erythroid lineage

At a cellular level, the precise mechanism by which HSCs differ-
entiate into lineage-committed progenitors remains unknown
and is currently under intense investigation. However, it is clear
that asHSCs differentiate, they initially formmultipotential pro-
genitor cells such as CFU-GEMM – colony-forming units that
have the ability to produce granulocytes, erythrocytes, mono-
cytes and megakaryocytes. Such cells retain short-term repop-
ulating ability, but lose long-term repopulating potential. Fur-
ther differentiation progressively restricts the lineage potential
of these cells, and reduces their proliferative capacity, resulting
in bipotential progenitors with the ability to form megakary-
ocytes or erythroid cells (MEPs). MEPs further differentiate
either into megakaryocytes and platelets or into fully commit-
ted erythroid precursors and red blood cells. These cells are
functionally defined by their growth potential and character-
istics as assayed by in vitro cultures: this explains the names
‘burst-forming’ erythroid units (BFU-E) and ‘colony-forming’
erythroid units (CFU-E) (Figures 2.1 and 2.2). They are not
morphologically recognizable in the bone marrow, but can be

defined as discrete cell populations when assayed by cell-surface
markers. CFU-Es defined in these culture systems most closely
correspond in vivo to pronormoblasts (also known as proery-
throblasts), the earliest morphologically recognizable erythroid
precursor in the bone marrow.

Expression of critical transcription factors
specifies the erythroid lineage

Over the past few years, it has emerged that key haemopoietic
transcription factors play a major role in regulating the forma-
tion, survival, proliferation and differentiation of multipotent
stem cells as they undergo the transition to erythroid cells. These
transcription factors may operate on their own or as members
of multicomponent complexes involved in the activation and/or
repression of gene expression. At present, the key transcription
factors known to be involved in the specification and mainte-
nance of HSCs include RUNX1, TAL1, LMO2, TEL, MLL and
GATA2 (Figure 2.1). During normal erythroid development,
GATA2probably initiates the erythroid programme and plays an
important role in the expansion and maintenance of haemopoi-
etic progenitors. It is replaced during terminal erythroid matu-
ration by GATA1, with the level of GATA2 declining as GATA1
increases. GATA1 is first expressed in MEPs and is essential for
the terminal differentiation and maturation of both megakary-
ocytes and erythroid cells.

Self-renewal

HSC

CFU-GEMM BFU-EMEP CFU-E

Erythrocytes

Key
transcription
factors

TAL1
RUNX1
TEL
LMO2
MLL
GATA2

GATA1
FOG1
NFE2

KLF1
Gfi-1b
TAL1

Other myeloid lineages

Lymphoid lineages

Megakaryocytes

Figure 2.1 Summary of some steps in self-renewal, lineage
specification and differentiation of haemopoietic stem cells to red
cells. Some of the key transcription factors involved in this process
are summarized beneath the diagram. HSC, haemopoietic stem
cell; CFU-GEMM, colony-forming unit - granulocyte erythrocyte
monocyte megakaryocyte; MEP, megakaryocyte-erythroid
progenitor; BFU-E, burst-forming unit - erythroid; CFU-E,

colony-forming unit - erythroid; TAL1, T-cell acute lymphoblastic
leukaemia 1; TEL, translocation Ets leukaemia; LMO2, LIM
domain only 2; MLL, mixed lineage leukaemia; GATA1,
GATA-binding factor 1; GATA2, GATA-binding factor 2; FOG,
friend of GATA; NFE2, nuclear factor erythroid-derived 2; KLF1,
Kruppel-like factor 1 (erythroid); GFi-1b, growth-factor
independent 1b.
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Figure 2.2 The specification and terminal differentiation of
erythroid cells from haemopoietic stem cells. At the top, the
estimated times for maturation of terminally differentiating cells
are shown. The precursors are as follows: pronormoblasts (Pro),
basophilic erythroblasts (Bas), polychromatic erythroblasts (Pol),
orthochromatic erythroblasts (Ort), reticulocytes (Retic), mature

red blood cells (RBCs). The number of divisions from
pronormoblasts to orthochromatic normoblasts (1–16) is also
shown. Some examples of the expression patterns of key
cell-surface markers are shown below. TfR, transferrin receptor;
EpoR, erythropoietin receptor; GPA, glycophorin A; bm, bone
marrow.

One emerging principle in our understanding of lineage com-
mitment is that factors affiliated with different lineages such as
GATA1 (erythroid) and PU.1 (lymphocytes and granulocytes)
are both present in uncommitted progenitors, reflecting the
potential of these cells to develop along alternative pathways (so-
called multilineage priming). It is now known that GATA1 and
PU.1 interact and cross-antagonize each other. Therefore, as cells
differentiate, reinforcement of the transcriptional programme
of one lineage may actively suppress those of the alternative
lineages.

Terminal maturation of committed
erythroid cells

Once the erythroid programme has been specified, the final
phase of erythropoiesis involves the maturation of committed
erythroid progenitors to fully differentiated red cells. The earli-
est recognizable erythroid precursor in the bone marrow is the
pronormoblast. Division of pronormoblasts leads to progres-
sively smaller basophilic normoblasts, early polychromatic and
finally late polychromatic/orthochromatic normoblasts (Fig-
ure 2.3). It has been estimated that, on average, four divisions
occur within the morphologically recognizable proliferating

precursor pool, so that each newly formed pronormoblast
develops into 16 red cells (Figure 2.2). As a small amount of
cell death (ineffective erythropoiesis) normally occurs, the
average amplification is slightly less than 16-fold. The majority
(60–80%) of pronormoblasts, basophilic normoblasts and early
polychromatic normoblasts are in cell cycle. By contrast, late
polychromatic/orthochromatic erythroblasts are postmitotic,
non-dividing cells. In the final stages of terminal maturation,
the nucleus condenses further and is eventually extruded. This
produces the mature reticulocyte, which has no nucleus, but
retains a few mitochondria and ribosomes. The cytoplasm
of reticulocytes is predominantly pink on Wright–Giemsa
staining because of the high concentration of haemoglobin, but
it has a greyish tint due to the presence of ribosomes. When
stained supravitally, the ribosomes precipitate into basophilic
granules or a reticulum. Reticulocytes continue to synthesize
haemoglobin for 24–48 hours after leaving the bone marrow.

Changes in the expression of transcription
factors during terminal maturation

Once progenitor cells have committed to become erythroid
cells, GATA1 and its cofactor FOG-1 (friend of GATA1) are
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(Late)
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(a)
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Figure 2.3 (a) Examples of pronormoblasts; (i) basophilic and
polychromatic erythroblasts, and (ii) polychromatic and
orthochromatic erythroblasts (iii and iv). All these different cell
types can also be conveniently viewed at http://hsc.virginia.edu/
medicine/clinical/pathology/educ/innes/text/nh/mature.html.
(b) An example of early (pronormoblasts), intermediate
(polychromatic erythroblasts) and late (orthochromatic
erythroblasts) erythroid precursors separated on the basis of their
cell-surface markers (CD71 and GPA). (c) An erythroblastic island
with its central macrophage surrounded by erythroid progenitors
at various stages of differentiation.

among the factors needed for them to proceed through ter-
minal differentiation. There are GATA-binding motifs in the
promoters and/or enhancers of virtually all erythroid-specific
genes studied to date, including the globin genes, haem biosyn-
thetic enzymes, red cell membrane proteins (e.g. blood group
antigens) and erythroid transcription factors, such as TAL1,
KLF1, Gfi1b, NFE2 and GATA1 (Figure 2.1). TAL1 is a basic
helix–loop–helix transcription factor, which plays an impor-
tant role in both the stem cell compartment and in developing
the erythroid programme. KLF1 is a zinc-finger-like transcrip-
tion factor expressed only in erythroid cells. Its binding sites
are found in the regulatory elements of many erythroid-specific
genes, including the β-globin gene. All of these transcription
factors play key roles in coordinating erythroid maturation
and globin gene regulation. Mutations of GATA1 and KLF1
are rare, but have been described in families with abnormali-
ties of haemoglobin synthesis (Chapter 6), disorders of the red
cell membrane (Chapter 8), abnormal haem synthesis (Chap-
ter 3) and other abnormalities of erythropoiesis manifesting, for
example, as congenital dyserythropoietic anaemia, Diamond–
Blackfan anaemia (Chapter 10) and sideroblastic anaemia
(Chapter 3). We anticipate that, with genome-wide sequencing,
mutations in the other erythroid transcription factors (FOG1,
TAL1, Gfi1b, NFE2) will be found underlying some rare forms
of anaemia.

Changes in the expression of erythroid
proteins during terminal maturation

As multipotent progenitors enter terminal differentiation, the
expression of many genes (∼6,000) is downregulated, reflecting
the commitment to a single specialized lineage. By contrast∼600
mRNAs encoding proteins that characterize the red cell pheno-
type, are, in general, upregulated. Examples include blood group
antigens, red cell membrane proteins, red cell glycolytic pathway
enzymes, carbonic anhydrase and enzymes of the haem synthe-
sis pathway. A full catalogue of these changes in gene expression
can be found at https://cellline.molbiol.ox.ac.uk/eryth/index.
html (Human Erythroid Maturation database).
Changes in gene expression are reflected in the cell-surface

phenotypes of erythroid progenitors and precursors, in turn set-
ting up the different signalling programmes of erythroid cells as
they differentiate. Receptors for the key erythroid hormone ery-
thropoietin (Epo, discussed in more detail below) first appear
in small numbers on late BFU-Es, increasing in CFU-Es and
pronormoblasts and subsequently declining and disappearing
in later erythroid precursors (Figure 2.2). Similarly, CD71 (the
transferrin receptor, TfR), which allows transferrin-bound iron
to be taken into the cell, is present on early haemopoietic cells
but is considerably upregulated on cells that are actively synthe-
sizing haemoglobin, reaching a peak of 800,000 molecules per
cell on polychromatic normoblasts. CD71 levels diminish in the
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late phase of terminal differentiation and the receptor is unde-
tectable on mature erythrocytes, which no longer have a need
for iron uptake. In addition, developing erythroid cells express
cell-surface adhesion molecules that interact with the extracel-
lular matrix at high levels in early precursors. These are lost as
maturation proceeds, freeing erythroid cells from the bonemar-
row niche (see below) to enter the circulation.
Key among the transcripts upregulated during erythroid mat-

uration are those of α and β globin. The globins are first
expressed in pronormoblasts and early basophilic erythroblasts,
with the number of transcripts reaching 20,000 molecules per
cell in late polychromatic and orthochromatic erythroblasts.
During the later stages of erythroid cell maturation, the amount
of RNA per cell and the rate of total protein synthesis decline,
but the unusual stability of globin mRNA ensures that globin
remains the predominant protein made in late erythroblasts and
reticulocytes (Figure 2.2). Disorders of α and β globin struc-
ture and synthesis are the most frequent causes of inherited
anaemia throughout the world and are discussed in detail in
Chapters 6 and 7.
The individual components of the haemoglobin synthetic

pathway (iron, free porphyrins, haem and monomeric globin
chains) are all toxic to the cell, and feedback loops have evolved
to ensure that cells are not damaged by these intermediates. In
particular, the synthesis of globin is accurately matched with the
synthesis of haem, in which some steps occur in the cytoplasm
and others in the mitochondria (Figure 2.4). mRNAs encoding
many components of the haem biosynthetic pathway (e.g. ALAS
and porphobilinogen deaminase) are coordinately upregulated
in terminal erythroid differentiation and their genes contain

similar cis-regulatory elements, which are bound by the tran-
scription factors GATA1, SCL and KLF1. As will be explained
in Chapter 3, one of the main mechanisms by which haem and
globin syntheses are coordinated is at the level of mRNA and
translation via iron-responsive elements (IREs). There is also a
need to coordinate the availability of iron to the requirements
of erythropoiesis, by controlling iron absorption from the gut
and release of iron from its stores. This is achieved by the mas-
ter regulator of iron, hepcidin. This aspect of haemopoiesis and
the diseases arising from abnormalities in iron metabolism are
reviewed in Chapters 3 and 4.
The high levels of protein synthesis and rapid cell prolifer-

ation that characterize the erythroid compartment, even in a
steady state, render these cells exquisitely sensitive to perturba-
tions in levels of the key substrates required for erythropoiesis.
Among these are a variety of nutritional factors and cofactors,
particularly iron (Chapters 3 and 4), vitamin B12 and folate
(Chapter 5), but also manganese, cobalt, vitamin C, vitamin
E, vitamin B6 (pyridoxine), thiamine, riboflavin, pantothenic
acid and amino acids. Absolute or relative deficiencies of any
of these factors can impair normal erythropoiesis and result in
anaemia.

Control of erythropoiesis via
cell signalling

The process of erythropoiesis must also be sensitive to changes
in the circulating capacity for oxygen carriage and varying phys-
iological demands. This precise regulation hinges on sensing

Iron storage

Transferrin receptor

IRE/IRP

IRE/IRP

IRE/IRP

Succinyl CoA
Glycine

δ-Aminolaevulinic acid

δ-Aminolaevulinic acid

Porphobilinogen
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Uroporphyrinogen
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Figure 2.4 Coordination of globin synthesis, haem synthesis and
iron regulation. Blue lines indicate some of the known regulatory
feedback systems. The red shaded box indicates reactions
occurring in the mitochondria. Rate-limiting controls of haem

synthesis are shown in black boxes. ALA, δ-aminolaevulinic acid;
HRI, haem-regulated eIF2alpha kinase; IRE, iron-responsive
element; IRP, iron-responsive binding protein; PBG,
porphobilinogen.
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hypoxia and a tight control over the supply of erythroid pre-
cursors. Over the past 25 years there has been great progress
in understanding the mechanisms by which cells sense hypoxia
and orchestrate their response. The most important mediator of
this response is the transcription factor HIF (hypoxia-inducible
factor), which activates genes influencing adaptive responses to
hypoxia (Figure 2.5). These include the genes for erythropoi-
etin (Epo) to boost erythropoiesis, glycolytic pathway enzymes
to maintain energy availability despite hypoxia, the transferrin
receptor to ensure increased iron availability for erythropoiesis,
and VEGF to promote angiogenesis. In rare cases of inherited
polycythaemia, constitutive mutations inHIF or vHL (von Hip-
pel Lindau; Figure 2.5) result in deregulated oxygen sensing and
an erythropoietic drive in the absence of hypoxia (Chapter 35).
Epo is a 166-amino-acid 34.4-kDa glycoprotein, found in

serum at baseline levels of 5–25 iU/L that can be elevated 1000-
fold by severe anaemia. It contains about 40% carbohydrate, is
rich in sialic acid residues, and has a half-life of 7–8 hours in
plasma, whereas non-glycosylated Epo is rapidly cleared from
the circulation. The main site of Epo production is the intersti-
tial cells of the kidney. Under normoxic conditions, little or no
Epo mRNA is detectable in the kidneys; hypoxia results in the
rapid induction of its transcription such that levels may increase
up to 200-fold over baseline within 30 minutes.
Epo upregulation is accomplished through a hypoxia-

response element (HRE) at the 3′-end of the Epo gene. Under
hypoxic conditions, HIF-1α is stabilized and can bind to the

HRE of the Epo gene (and other hypoxia-sensitive genes), to
increase transcription and therefore increase serum Epo levels.
The positive effect of HIF is greatly increased by two cofactors,
HNF-4, and the coactivator CBP/p300, also under hypoxic con-
trol. Linking Epo production to tissue oxygenation ensures that
when there is reduced ambient oxygen tension, blood loss or
shortened red cell survival, the level of Epo rises, stimulating red
cell production and ultimately providing a greater source of local
oxygen delivery.
The effects of Epo on red cell production are mediated by

both increasing proliferation and reducing apoptosis of ery-
throid precursors. To respond to erythroid stress, the marrow
must continuously produce an excess of erythroid precursors
that can be called upon to differentiate into mature red cells
whenever an immediate increase in erythroid output is needed.
The low numbers (20–50) of Epo receptors (EpoR) on BFU-E
explain the relative Epo unresponsiveness of these cells; much
higher levels (∼1000) are found in CFU-E, pronormoblasts and
basophilic erythroblasts (Figure 2.2). Late BFU-E, CFU-E and
pronormoblasts may all require continuous signalling via the
EpoR to prevent their apoptosis, with signals from EpoR, via the
JAK2–STAT5 pathway, inducing or stabilizing expression of the
antiapoptotic protein Bcl-XL (Figures 2.6 and 2.7). The overall
effect is that, secondary to a hypoxia-driven rise in Epo, a popu-
lation of erythroid progenitors normally destined for apoptosis
at steady-state receive antiapoptotic signals, survive and expand
the erythroid precursor pool.While themost important effect of

Prolyl hydroxylase
oxygen sensor

HIF1-α
HIF1-β

EpoR
Erythropoiesis

TfR
Supply of iron

VEGF
Angiogenesis

Glycolytic enzymes
Supply of energy

Oxygenation

Degradation
via

proteasome

Ub
Ub

Ub

Ub
Ub

Ub

Hypoxia High O2

HIF1-α

vHL

OH

Figure 2.5 The oxygen-sensing system. Ub, ubiquitination; vHL,
von Hippel–Lindau protein; HIF, hypoxia inducible factor. vHL is
an E3 ubiquitin ligase. In the context of normal oxygenation,
HIF-1α is hydroxylated, providing a binding site for vHL, which
ubiquitinates it, thereby targeting it for degradation by the
proteasome. At low oxygen tension, hydroxylation cannot occur

and vHL cannot bind and ubiquitinate HIF-1α, the half-life of
which is therefore greatly increased. As a result, HIF-1 is able to
carry out its function as a transcription factor, upregulating the
expression of its target genes, such as EpoR, TfR, VEGF, and
glycolytic enzymes in response to hypoxia.
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Figure 2.6 A summary of signalling via the erythropoietin (Epo)
receptor as described in the text. P denotes regions of
phosphorylation. The diagram shows Epo-induced dimerization
or conformational change with trans-phosphorylation of JAK2,

followed by phosphorylation of the Epo receptor. This is followed
by binding and phosphorylation of STAT5. Binding of SHP1 (far
right) to the Epo receptor activates its phosphatase activity, which
can then dephosphorylate JAK2 and terminate signalling.

Epo is to increase the number of progenitor cells, which rapidly
respond by proliferating and differentiating into viable pronor-
moblasts, it has also been suggested that Epo is able to speed up
the rate of terminal differentiation by shortening the cell cycle
and maturation times of erythroblasts.
Recent work in the mouse has shown that Epo stimulation

through the JAK-STAT pathway causes upregulation of the pro-
tein erythroferrone, which mediates suppression of hepcidin
synthesis. In this way, the signals that result in higher num-
bers of erythroid progenitors are matched with those result-
ing in increased iron absorption (see also Chapter 3). Current
work is investigating whether this control loop also exists in
humans.
Erythropoiesis is also influenced by pathways other thanEpo–

EpoR. Erythroid progenitors express receptors for SCF (stem
cell factor), insulin-like growth factor (IGF-1) and insulin. After
Epo, the second most important signalling system for erythro-
poiesis involves SCF (stem cell factor also called c-Kit). SCF
was originally identified by its ability to stimulate proliferation
of multipotent haemopoietic progenitors, but it is also effective
in supporting growth of committed progenitors, including ery-
throid progenitors, acting synergistically with Epo.
In addition to SCF and Epo, stimulation of the nuclear hor-

mone receptors for dexamethasone (glucocorticoid receptor)
and oestrogen (oestrogen receptor) produces sustained prolif-
eration of erythroid progenitors. Furthermore, the nuclear hor-
mone receptors for thyroid hormone (c-ErbA/thyroid hormone

receptor), all-trans retinoic acid (retinoic acid receptor) and
9-cis-retinoic acid can promote erythroid differentiation. Such
observations are consistent with reports showing that many
endocrine disorders (hypothyroidism, hypopituitarism, Addi-
son’s disease and male hypogonadism) can be associated with
normochromic normocytic anaemia.

The erythroid niche

The control of erythropoiesis ultimately depends on integration
of information delivered by cell–cell contacts, local growth fac-
tors and systemic hormonal signalling. Although erythropoiesis
can be largely recapitulated using liquid cultures, it is signifi-
cantly less efficient in this context than in vivo, particularly in
terms of proliferation and terminal enucleation, suggesting that
erythropoiesis in its natural setting is modified by additional
factors.
Inspection of the bonemarrow architecture shows thatmatur-

ing erythroblasts are not randomly distributed; rather, they are
arranged in characteristic ‘erythroid islands’ made up of a cen-
tral macrophage surrounded by up to 30 erythroid cells at var-
ious stages of differentiation (Figure 2.3). This cellular struc-
ture is referred to as the erythroid niche. Erythroid cells cul-
tured in vitro with macrophages proliferate threefold more than
those cultured alone, and macrophages secrete soluble factors
such as IGF-1 and burst-promoting activity that may influence
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Figure 2.7 A summary of the apoptotic pathways (Epo and Fas) in erythroid progenitors. These cells (BFU-E and CFU-E) undergo
apoptosis in the absence of Epo signalling or in the presence of Fas signalling. Bcl-XL may be the key pathway through which these effects
are mediated.

erythroid proliferation. Furthermore, direct contacts between
the macrophages and surrounding erythroblasts (e.g. by cell
adhesion molecules) appear to be critical for red cell matura-
tion, stress erythropoiesis and red cell clearance. The central
macrophage also phagocytoses and degrades the extruded red
cell nuclei, and may play a role in the delivery of iron to the
maturing erythroblast.
The juxtaposition of mature and maturing erythroblasts in

erythroid islands also permits a further mechanism for the reg-
ulation of erythroid expansion. In addition to the Epo-Bcl-XL
pathway, apoptosis of erythroid precursors can also occur via
activation of the Fas receptor (FasR), which is present on both
early and late erythroid precursors. Crucially, its activating lig-
and (FasL) appears only on late erythroblasts. Binding of FasL
to FasR activates proteolytic caspases that cleave intracellular
proteins, including GATA1. The absence of GATA1 leads to
apoptosis of erythroid precursors, and may also prevent induc-
tion of the antiapoptotic protein Bcl-XL. Thus, FasL-activated
GATA1 cleavage results in loss of Bcl-XL and increased apop-
tosis of erythroid precursors – but only in the context of ade-
quate numbers of their more mature counterparts. The result
is a negative feedback loop to control erythroid proliferation
(Figure 2.7).

Red cell senescence and clearance

Mature red cells live for approximately 120 days in the circula-
tion under normal conditions, suggesting that mechanisms exist
to monitor their senescence and control their removal from the
circulation. Since mature red cells have no nucleus, they lack the
capacity to synthesize new cellular components. Their ability to
maintain cellular integrity becomes compromised with age, and
characteristic features of the ageing red cell include increased
glycation of haemoglobin and deamination of cytoskeletal com-
ponents such as protein 4.1. Microvesiculation, which repre-
sents an effective means of removing damaged or ineffective
red cell components, results in the continual loss of small frag-
ments of the red cell, producing cells that are more dense
and less deformable in the microcirculation than their younger
counterparts.
As well as these changes, however, specific cues for clear-

ance of the aged red cell from the circulation are thought to
exist. Phosphatidylserine andphosphatidylethanolamine are key
constituents of the red cell membrane that are normally con-
fined to the inner aspect of the lipid bilayer. This asymme-
try is maintained by an ATP-dependent aminophospholipid
translocase. In senescent cells, phosphatidylserine is found in
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the outer leaflet, where it is able to bind to macrophages in
the liver and spleen and prompt erythrophagocytosis. Other
senescence-related neo-antigens on the red cell surface may be
generated by the clustering of membrane proteins such as band
3, thought to occur in response to oxidative change. Follow-
ing erythrophagocytosis, the red cell components, including the
iron from its haem groups, are recycled for subsequent red cell
synthesis.
It is possible to compensate for a small decrease in the life-

span of mature red cells through increased Epo production and
a reduction in apoptosis. Even when compensatory mechanisms
are able to drive increased red cell synthesis, more significant
reductions in red cell survival will lead to haemolytic anaemia,
as discussed in Chapters 6–9. Systemic illness may also limit
red cell survival, with the short red cell lifespan in uraemia and
the anaemia of inflammation being well described, if not well
understood.

Assessing erythropoiesis

Erythropoiesis is disturbed in a wide range of primary haemato-
logical conditions and, to some extent, in almost all multisystem
diseases. Defects may arise in the production of committed
erythroid progenitors; in the response of the oxygen sensing
system, mediated via Epo and EpoR, and its effect on terminal
erythroid differentiation and maturation; or in the red cell
output achieved, which in turn exerts a major influence on
the production of Epo, thus completing the regulatory loop
(Figure 2.8).
Simple tools are available to test the circuit in a logicalmanner.

Erythroid activity may be estimated by the ratio of myeloid pre-
cursors to erythroid precursors in the marrow (normally about
4:1, but with a very broad normal range). In the past, total ery-
thropoiesis was measured accurately using radioactive (59Fe)
ferrokinetic assays. The plasma iron turnover measures the total
(i.e. effective and ineffective) amount of erythropoiesis, whereas
the red cell iron utilization assaymeasures the degree of effective
erythropoiesis. To a large extent, these two parameters can now
be assessed much more simply by measuring the levels of sol-
uble TfR and the reticulocyte count. Soluble TfR is a truncated

formof the receptor that circulates in a complexwith transferrin.
Erythroblasts rather than the reticulocytes are the main source
of soluble TfR (Figure 2.2) and, when iron stores are adequate
and available, measuring the level of soluble TfR (normal range
5.0 ± 1.0 mg/mL) is a good guide to the total level of erythro-
poiesis. Soluble TfR levels are increased when erythropoiesis is
stimulated and decreased when it is diminished. The interpre-
tation of soluble TfR levels is complicated in iron deficiency as
this condition independently raises the level of soluble TfR. The
reticulocyte count (0.5–2.0% or 25–75 × 109/L) is raised in pro-
portion to the degree of anaemiawhen erythropoiesis is effective
(e.g. uncomplicated response to bleeding), but is relatively low
when erythropoiesis is ineffective (e.g. β thalassaemia [Chap-
ter 6], myelodysplasia [Chapter 25] and CDA [Chapter 10]) or
when an extrinsic abnormality prevents a normal response (e.g.
nutritional deficiency; Figure 2.8).
The output of the system, the red cell mass, can be accurately

measured by radioactive dilution techniques using 51Cr, but
can often be reliably estimated from the haematocrit or con-
centration of haemoglobin. Changes in red cell size, shape and
haemoglobin content, often reflected in the red cell morphol-
ogy, may provide important guides to specific abnormalities in
red cell maturation (e.g. haemoglobinopathies, thalassaemia,
nutritional deficiencies). If the red cell mass is appropriate to
meet the demands for oxygenation, then Epo production will be
suppressed and the serum level will be in the normal range. If
there is inadequate oxygenation, the level of Epo will generally
be raised in proportion to the degree of anaemia, unless there
is some impediment to Epo production (e.g. chronic renal
failure, anaemia of chronic disease). For any given degree of
anaemia the level of Epo in the blood may vary, depending on
the underlying pathology. For example, levels tend to be very
high in aplastic anaemia and less than anticipated in thalas-
saemia. This may reflect the different numbers of precursors
in the marrow that are able to bind available Epo molecules,
thus altering the number of free Epo molecules that are
measured.
In clinical practice, erythropoiesis can be assessed by exam-

ination of the full blood count and red cell indices, the reticu-
locyte count and examination of the peripheral blood film and
bone marrow morphology. The usefulness of these and other

BFU-E
CFU-E

Haematinics
Fe, B12, folate

Oxygenation

Retic

HIFEpo

Hct

TfR

ME
Red
cell

massFigure 2.8 Summary of the regulation of erythropoiesis with
the key points for assessment boxed in blue. ME denotes
assessment of the myeloid/erythroid ratio in the bone marrow.
Hct, haematocrit.
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specialized tests in the investigation of anaemia will depend on
the initial assessment of the patient by a detailed history and
physical examination. The specific tests used to diagnose the
inherited or acquired disorders that may perturb each phase of
erythropoiesis are highlighted in the relevant subsequent chap-
ters as each anaemia is discussed in detail.

Conclusions

The process of erythropoiesis needs to be tightly controlled to
ensure adequate oxygen delivery to the tissues across a range
of physiological and pathological conditions. An appreciation
of the mechanisms of erythroid specification, maturation and
feedback has already led to an improved understanding of the
pathophysiology of many inherited and acquired anaemias, and
provides a framework for the logical investigation and treatment
of anaemia in the clinical setting.
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Introduction

Iron is essential for many metabolic processes. It shares with
other transition metals two properties of particular importance
in biology: the ability to exist in more than one relatively sta-
ble oxidation state and the ability to form many complexes. Its
ability to exist in both ferric and ferrous states underlies its role
in critical enzyme reactions concerned with oxygen and elec-
tron transport and the cellular production of energy. As well as
physiologically active iron compounds, many of which are haem
proteins, there are also specialized proteins of iron absorption,
transport and storage. The latter are necessary to enable iron to
remain in solution at neutral pH, at which ferric iron is insolu-
ble, and to limit the potential toxicity of this reactive metal. The
insolubility of ferric iron also means that although the Earth’s
crust contains approximately 4% iron and iron may be plenti-
ful in the diet, much of this is not bioavailable. As a result, the
body is limited in the adjustments it can make to excessive loss
of iron, which frequently occurs due to haemorrhage, and iron
deficiency is the most common cause of anaemia throughout
the world, affecting in the order of 2 billion people. The gen-
eral need to conserve the metal is reflected in the absence of any
physiological mechanism for excretion of iron, control of iron
balance being at the level of iron absorption. This is important
in the rarer, but potentially fatal disorders of iron overload (see
Chapter 4).

Distribution of body iron

The amount of iron in the adult human body is normally about
50 mg/kg inmales and 40 mg/kg in females. The largest compo-
nent is circulating haemoglobin, with 450 mL (1 unit) of whole
blood containing about 200 mg of iron (Figure 3.1). Much of
the remainder is contained in the storage proteins ferritin and
haemosiderin. These are foundmainly in themacrophages of the
liver, spleen and bone marrow (which gain iron from breaking
down red cells), and in parenchymal liver cells (which normally
obtain most of their iron from the plasma iron-transporting
protein transferrin).

Proteins important in iron metabolism

Haem proteins and iron-containing enzymes

Haemoglobin contains four haem groups linked to four globin
chains, and can bind four molecules of oxygen. Myoglobin
accounts for 4–5% of body iron and has a single haem group
attached to its one polypeptide chain. It has a higher affinity for
oxygen than haemoglobin and behaves as an oxygen reserve in
muscles. The mitochondria contain a series of haem and non-
haem iron proteins (including the cytochromes a, b and c, suc-
cinate dehydrogenase and cytochrome oxidase) that form an
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Figure 3.1 Iron homeostasis. The major
compartments of iron in a 70-kg man. Iron supply for
erythropoiesis and release of iron from senescent red
cells dominate internal iron exchange. RE,
reticuloendothelial. The dotted line indicates the low
proportion of iron that derives from ineffective
erythropoiesis in normal subjects.

electron transport pathway responsible for the oxidation of
intracellular substrates and the simultaneous production of
adenosine triphosphate (ATP). Haem is an essential compo-
nent ofmicrosomal andmitochondrial cytochrome P450, which
is concerned with hydroxylation reactions (including drug
detoxification by the liver), and of cyclooxygenase, involved
in prostaglandin synthesis. Other haem proteins include the
enzymes catalase and lactoperoxidase, which are concernedwith
peroxide breakdown, and tryptophan pyrrolase, involved in the
oxidation of tryptophan to formylkynurenine. There is a smaller
group of iron sulfur proteins (e.g. xanthine oxidase, reduced
nicotinamide adenine dinucleotide dehydrogenase and aconi-
tase). Iron is also necessary for the function of ribonucleotide
reductase, a key enzyme in DNA synthesis.

Ferritin and haemosiderin

Ferritin is the primary iron storage protein and provides a
reserve of iron. It consists of an approximately spherical apopro-
tein shell enclosing a core of ferric hydroxyphosphate (up to 4000
iron atoms). Human ferritin is made up from 24 subunits of
two immunologically distinct types: H and L. There are multiple
gene copies, which are mostly pseudogenes. An intronless gene
codes formitochondrial ferritin, anH-type ferritin. The internal
cavity of the ferritin molecule communicates with the exterior
via six channels, through which ferrous ironmay enter (to inter-
act with a ferroxidase centre on the ferritin H subunit) or leave
(after reduction, e.g. by dihydroflavins or ascorbic acid).
The way in which ferritin iron is mobilized is poorly under-

stood, and a process in which the entire ferritin molecule is
degraded within lysosomes prior to iron release has been sug-
gested. Variation in the proportion of H to L subunits explains
the heterogeneity of ferritin from different tissues on isoelec-
tric focusing: L-rich ferritins (from spleen and liver) are more
basic than H-rich ferritins (from heart and red cells). The

small amount of ferritin normally present in serum contains
little iron and consists almost exclusively of L subunits. It is
also heterogeneous, owing to glycosylation. This glycosylation
and the direct relationship of serum concentration to storage
iron in macrophages suggest that serum ferritin is secreted by
macrophages in response to changing iron levels.
Haemosiderin, unlike ferritin, is awater-insoluble, crystalline,

protein–iron complex that is visible by light microscopy when
stained by the Prussian blue (Perls’) reaction. It has an amor-
phous structure, with a higher iron/protein ratio than ferritin,
and is probably formed by the partial digestion of ferritin aggre-
gates by lysosomal enzymes. In normal subjects, the majority of
storage iron is present as ferritin, and haemosiderin is predom-
inantly found in macrophages rather than hepatocytes. In iron
overload, the proportion present as haemosiderin increases con-
siderably in both cell types.

Transferrin and transferrin receptors

Transferrin is a single-chain polypeptide present in plasma (1.8–
2.6 g/L) and extravascular fluid (Table 3.1). It has a plasma half-
life of 8–11 days. The protein is synthesized predominantly by
the liver, synthesis being inversely related to iron stores. Two
atoms of ferric iron can bind to each molecule. Although trans-
ferrin contains only about 4 mg of body iron at any time, it is
vital to iron transport, with over 30 mg iron passing through
this compartment each day (Figure 3.1). The uptake of iron
from transferrin requires that the protein is attached to spe-
cific receptors on the cell surface. The transferrin receptor gene
(TFRC) codes for TFR1, a transmembrane protein (identified
as CD71), each molecule of two subunits binding one trans-
ferrin molecule. A second receptor, TFR2, also binds trans-
ferrin (Table 3.1). Through their binding with HFE, TFR1
and TFR2 are involved in regulating hepcidin synthesis (see
Figure 3.2).
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Chapter 3 Iron metabolism, iron deficiency and disorders of haem synthesis

DuodenumFPN

Transferrin
saturation
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Matriptase
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Erythropoiesis
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Iron
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TF/HFE
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STAT3

?ERFE

HFE
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+4
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Figure 3.2 Stimulatory and inhibitory signals of
hepcidin regulation. Hepcidin, as well as
hemojuvelin (HJV), transferrin receptor 2 (TFR2)
and HFE, are all produced in the hepatocyte. High
plasma iron and inflammation stimulate hepcidin
synthesis. This is mediated by SMADs and
STAT3, respectively. Conversely, low plasma iron,
increased rates of erythropoiesis (including
ineffective erythropoiesis) and hypoxia inhibit
hepcidin production. This is mediated by
matriptase and ERFE. Hepcidin binds ferroportin
(FPN), causing its destruction and so inhibits iron
absorption and iron release from macrophages
into plasma and from intracellular compartments.
BMP, bone morphogenetic protein; ERFE,
erythroferrone; The ? indicates uncertainty of the
ERFE function in humans; GDF-15 may be the
human equivalent of ERFE.

Lactoferrin is a glycoprotein that is structurally related to
transferrin. It is found in milk and other secretions and in
neutrophils. It has a bacteriostatic action at secreting surfaces
by depriving microorganisms of the iron needed for their
growth.

Divalent metal transporter 1

Divalentmetal transporter (DMT)1 is an electrogenic pump that
requires proton cotransport in order to transfer Fe2+ across cell
membranes. This occurs at the apical membrane and subapical
endosomes of the duodenal enterocyte and the transferrin-cycle
endosome, both of which have a low pH. The intestinal DMT is
produced by different mRNA splicing from that which produces
endosomalDMT1.DMT1 expression is upregulated in iron defi-
ciency (see later) and may be involved in absorption of other

divalent metal cations, including Mn2+, Co2+, Zn2+, Cu2+ and
Pb2+.

Ferroportin

This transmembrane domain protein is the basolateral trans-
porter of iron, essential for iron release from macrophages, the
intestinal absorptive enterocyte, hepatocytes and placental syn-
cytiotrophoblasts. It is also present in intracellular compart-
ments. Caeruloplasmin is required for the cell-surface local-
ization of ferroportin, whose concentration is controlled by
hepcidin, which triggers its internalization and degradation in
lysosomes.

Other proteins

The roles in iron metabolism of hemojuvelin (HJV), bone
morphogenetic protein-6 (BMP-6), small mothers against
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decapentaplegic (SMADs), ferrioxidative and reduction
enzymes, and caeruloplasmin are discussed under the head-
ings of hepcidin regulation, iron absorption, iron uptake by
erythroid cells and haem synthesis.

Hepcidin

Hepcidin has a central role in the regulation of iron metabolism
and absorption (Figure 3.2). A product of the HAMP gene
(Table 3.1), it is a small peptide (25 amino acids) released
from a large prepropeptide of 84 amino acids. It is predomi-
nantly expressed in the liver. It regulates iron homeostasis by
binding to cell-surface ferroportin, causing its degradation in
lysosomes. It therefore acts to inhibit iron absorption, iron
release from macrophages and iron transport across the pla-
centa. It is bound in plasma to α2-macroglobulin and the
major route of clearance is the kidney. Hepcidin can be mea-
sured in serum or urine by ELISA or mass spectrometry-based
techniques.

Regulation of hepcidin expression
The regulation of hepcidin expression is transcriptional. Hep-
cidin expression is increased in response to raised serum iron,
iron overload and inflammation, and is suppressed by iron defi-
ciency, hypoxia and increased erythropoietic activity. Under
basal conditions, expression depends on signalling through
the BMP/SMAD pathway (Figure 3.2). HJV is a member of
the repulsive guidance molecules (RGM) family that is highly
expressed in liver, skeletal muscles and the heart. It is either
associated with cell membranes through a glycosylphosphatidy-
linositol anchor or released as a soluble form.Membrane-bound
HJV participates in the pathway regulating hepcidin expression
as a BMP coreceptor, whereas soluble HJV antagonizes BMP-
6. BMP-6 is the master hepcidin activator in vivo in murine
models.
HFE and TFR2 are also involved in hepcidin expression (Fig-

ure 3.2). HFE is able to bind TFR1 and TFR2. During low or
basal serum iron conditions,HFE andTFR1 exist as a complex at
the plasmamembrane, TFR1 serving to sequesterHFE to silence
its activity. Diferric serum transferrin (Fe2+-TF) competes with
HFE for binding to TFR1. Increased serum transferrin satura-
tion therefore results in dissociation of HFE from TFR1. Acting
as an iron sensor, HFE then binds to TFR2 and conveys the Fe2+-
TF status to the signal transduction effector complex. HJV binds
to BMP, then phosphorylates SMADs to form a SMAD-1/-5/-8–
SMAD-4 complex, which translocates to the nucleus and stimu-
lates hepcidin production by activating its promoter. In keeping
with this model, genetic mutations of HFE, TFR2, HJV and hep-
cidin all result in haemochromatosis with low serum hepcidin
levels (see Chapter 4). Iron levels also seem to control BMP-6
production.
A second type of transcriptional hepcidin regulation occurs in

inflammation. Interleukin (IL)-6 and IL-1β induce transcription

of the hepcidin gene by activating STAT3 (signal transducer and
activator of transcription 3) and its binding to a regulatory ele-
ment in the hepcidin promoter. Itmay converge on a final shared
SMAD-4-dependent pathway.
The hepcidin response is remarkably rapid. In humans,

iron ingestion results in a sharp increase in urinary hepcidin
excretion within 12–24 hours of starting treatment. Likewise,
infusion of recombinant IL-6 results in significant increase
in urinary hepcidin and decreased serum iron and trans-
ferrin saturation within 2 hours of infusion. These obser-
vations imply that hepcidin expression is directly controlled
by serum iron (probably by transferrin saturation) and IL-
6 and not by long-term gradual accumulation of iron in
tissues.

Response to anaemia and hypoxia
Hepcidin levels are reduced or undetectable in iron deficiency
anaemia. Iron absorption is accelerated in iron deficiency,
ineffective erythropoiesis and hypoxia (Figure 3.2) likely
through commonmechanisms mediated by the ‘erythroid regu-
lator’. Erythroid precursors secrete growth differentiation factor-
15 (GDF-15) and TWSG1, two cytokines of the TGF-β family,
which have been proposed to inhibit hepcidin production in the
liver. Serum concentrations of GDF-15 are greatly increased in
thalassaemia major and other conditions associated with inef-
fective erythropoiesis. However, the role of these cytokines in
vivo is uncertain. Recently erythroferrone, a novel protein, has
been identified that plays the role of physiological erythroid reg-
ulator in mice. It is released by erythroid precursors and sup-
presses hepcidin after bleeding and erythropoietin treatment in
order to increase intestinal iron absorption andmacrophage iron
release according to the erythropoietic needs. It remains to be
seen if this hormone plays a similar role in human erythro-
poiesis.
Hypoxia directly increases iron absorption through increased

duodenal iron importer DMT1 and indirectly through hep-
cidin suppression by increased erythropoiesis. The same mech-
anism may contribute to the harmful accumulation of iron
in response to chronic anaemia associated with ineffective
erythropoiesis in thalassaemia and other dyserythropoietic
anaemias.

Matriptase-2

This is a type 2 member of the transmembrane serine
protease family mainly expressed in the liver. Membrane-
bound matriptase-2 regulates hepcidin expression by cleaving
membrane-bound HJV, releasing soluble HJV fragments. The
factors that regulate matriptase-2 expression need to be elu-
cidated. Matriptase-2 activity over-rides all known activating
stimuli of hepcidin synthesis. Homozygous or compound het-
erozygous TMPRSS6 mutations in humans and homozygous
inactivation of the gene in mice result in marked upregulation
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IRE-binding
protein

Cytoplasmic
aconitase

Low
iron

Iron regulatory protein (IRP1)
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Figure 3.3 Coordinate regulation of expression of ferritin and
transferrin receptor: the role of the iron response element
(IRE)–iron regulatory protein (IRP) mechanism. When cellular
iron levels are low, IRP binds to the IRE stem and loop structures
of mRNA to inhibit translation of ferritin and ALA-S, but increases
translation of transferrin receptors (TFR) and DMT1 by
preventing degradation of the mRNA. When iron levels are high,
the IRP functions as a cytoplasmic aconitase and no longer binds
to the IREs. Ferritin synthesis can thus proceed, while TFR
synthesis is reduced. IRP2 binds to IREs when iron levels are low,
but is degraded after ubiquitination (initiated by haem-induced
oxidation) when iron levels are high. The IRPs therefore provide
two ways of sensing iron requirements, either involving Fe–S
proteins or haem proteins.

of hepcidin and blockade of intestinal and macrophage iron
transport into plasma, leading to a refractory hypochromic
microcytic anaemia (see below).

Intracellular iron homeostasis

Synthesis of several of the proteins involved in iron metabolism
is regulated at the level of RNA translation by two cytoplasmic
iron-dependent proteins, IRP1 and IRP2 (Table 3.1). These are
capable of binding to mRNAs that contain a sequence forming a
stem-and-loop structure called an iron-responsive element or
IRE (Figure 3.3). The 3′-untranslated region (3′-UTR) of TFR1
contains five IREs, whereas the 5′-UTR region of ferritin mRNA
contains a single IRE. Binding of IRP when there are low lev-
els of intracellular iron protects TFR1 mRNA from cytoplasmic

degradation, but inhibits translation of ferritin mRNA, by inter-
fering with the binding of initiation factors. In contrast, when
intracellular iron is increased, the opposite effects occur. Thus,
coordinated regulation of TFR1 and ferritin acts to maintain a
constant intracellular iron content over the short term by bal-
ancing cellular iron uptake and storage.
Erythroid δ-aminolaevulinic acid synthase (ALAS2) mRNA

also has an IRE in its 5′-UTR region, whereas ‘housekeep-
ing’ ALAS1 mRNA does not. The IRP–IRE system is therefore
involved inmatching iron supply to haem synthesis, with repres-
sion of protoporphyrin synthesis in iron-deficient erythroblasts
(see p. 29). DMT1 like TFR1 has a 3′-IRE and is upregulated
in iron deficiency. Ferroportin has a 5′-IRE (Table 3.1) but, as
occurs for DMT1, ferroportin may be translated in a non-IRE
isoform that escapes the IRP control in some tissues, for exam-
ple in duodenal cells.

Normal iron balance

The amount of iron in the body at birth depends on the blood
volume and haemoglobin concentration, birth weight (which
determines blood volume) being particularly important. Delay
in clamping the cord leads to an increased red cell mass by pla-
cental transfusion. The level of maternal iron stores has little
effect on fetal iron. The newborn contains about 80 mg/kg at
full term. Neonatal iron reserves are utilized for growth, and
from 6 months to 2 years virtually no iron stores are present.
Thereafter, iron stores gradually accumulate during childhood
to around 5 mg/kg. In men, there is a further increase between
15 and 30 years to about 10–12 mg/kg (total up to approximately
1 g), whereas iron stores remain lower in women (average 300
mg) until the menopause.
Requirements are higher in menstruating women and dur-

ing periods of rapid growth in infancy and adolescence (Table
3.2). Menstrual blood loss has a median value of 30 mL, but the
95th centile value is 118 mL per month (equivalent to 1.9 mg
iron per day), which has been found to be significantly asso-
ciated with iron deficiency. Requirements are highest of all in
pregnancy.

Iron absorption

Iron absorption depends not only on the amount of iron in the
diet but also, andmore importantly, on the bioavailability of that
iron, as well as the body’s needs for iron. A normal Western diet
provides approximately 15 mg of iron daily. Of that iron, diges-
tion within the gut lumen releases about half in a soluble form,
from which about 3 mg may be taken up by mucosal cells and
only about 1 mg (or 5–10% of dietary iron) transferred to the
portal blood in a healthyman. Iron absorption can thus be influ-
enced at several different stages.
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Table 3.2 Daily iron losses and requirements.

Daily loss (mg)

Group Urine, skin, Requirement Total
(age, years) faeces, etc. Menses for growth (mg) (mg)

Children
0.5–1 0.17 – 0.55 0.72
1–3 0.19 – 0.27 0.46
4–6 0.27 – 0.23 0.50
7–10 0.39 – 0.32 0.71

Males
11–14 0.62 0.55 1.17
15–17 0.90 – 0.60 1.50
18+ 1.05 – – 1.05

Females
11–14∗ 0.65 – 0.55 1.20
11–14 0.65 0.48† 0.55 1.68
15–17 0.79 0.48† 0.35 1.62
18+ 0.87 0.48† – 1.35
Post
menopause

0.87 – – 0.87

Lactating‡ 1.15 – – 1.15

∗Non-menstruating.
†Median loss.
‡Average dietary requirement during pregnancy is 3–4 mg.
Source: WHO (2001) Iron Deficiency Anaemia. Assessment,
Prevention and Control. A Guide for Programme Managers. World
Health Organization, Geneva. Reproduced with permission of WHO.

Dietary and luminal factors

Much of dietary iron is non-haem iron derived from cereals
(commonly fortified with additional iron in the UK), with a
lesser component of haem iron frommeat and fish. Even in iron
deficiency, the maximum iron absorption from a mixed West-
ern diet is no more than 3–4 mg daily. This figure is much less
with the predominantly vegetarian, cereal-based diets of most of
the world’s population since iron is better absorbed from animal
than vegetable sources.
Iron is released from protein complexes by acid and prote-

olytic enzymes in the stomach and small intestine, and haem is
liberated from haemoglobin and myoglobin. Iron is maximally
absorbed from the duodenum and less well from the jejunum,
probably because the increasingly alkaline environment leads to
the formation of insoluble ferric hydroxide complexes. Acid pH,
vitamin C and some low-molecular-weight chelates (e.g. sugars,
amino acids) enhance absorption. Therapeutic ferrous iron salts
are well absorbed on an empty stomach, but when taken with
a meal, absorption is reduced as a result of the same ligand-
binding processes that affect dietary non-haem iron; phytates,
tannates in tea and bran inhibit absorption.

Mucosal factors: molecular aspects of iron
absorption and its regulation

Avariety ofmechanisms for the binding of non-haem iron to the
mucosal membrane have been described. Specific, saturable and
receptor-mediated mechanisms, and passive diffusion at higher
doses, may occur. Iron absorption is regulated both at the stage
of mucosal uptake and at the stage of transfer to the blood. The
process is illustrated in Figure 3.4. Non-haem iron is released
from food as Fe3+ and reduced by duodenal cytochrome b1
(DCytb) to Fe2+. This is transported across the brush border
membrane by DMT1, which is upregulated in iron deficiency
and by hypoxia inducible factor 2 (HIF2-α) activation in the
local hypoxic environment of duodenum. It is assumed that iron
enters the labile pool and somemay be incorporated into ferritin
and lost when the cells are exfoliated. Iron destined for retention
by the body is transported across the serosal membrane by fer-
roportin before uptake by transferrin as Fe3+. The regulation of
duodenal cell iron release by hepcidin through its action on fer-
roportin is rapid. Hephaestin is a copper-containing ferroxidase
expressed predominantly in villous cells of the small intestine
that converts Fe2+ to Fe3+ in the basolateral transfer step of iron
absorption.
Haem iron is initially bound by haem receptors at the brush

border membrane and released intracellularly by haem oxyge-
nase before entering the labile iron pool and following a com-
mon pathway with iron of non-haem origin.

Iron uptake by erythroid cells

About 85% of transferrin iron normally enters developing red
cells for incorporation into haemoglobin. This tissue distribu-
tion of transferrin-bound iron reflects the expression of trans-
ferrin receptors, which are present in high concentration on
cells with a high iron requirement. The latter includes any
rapidly dividing cells, but is normally dominated by the cells
of the erythron. A soluble truncated form of the transfer-
rin receptor derived from these cell surfaces is detectable in
serum.
Transferrin receptors have the highest affinity for diferric

transferrin. The transferrin–receptor complex is taken up by a
process of receptor-mediated endocytosis (Figure 3.5). The iron
is released at the low pH of the endosome, reduced from Fe3+

to Fe2+ by STEAP3, a ferrireductase, before the apotransfer-
rin and receptor are recycled to the plasma and the cell mem-
brane, respectively. Iron release from the endosome is via DMT1
(Figure 3.5) and the iron is transported into mitochondria by
mitoferrin or enters ferritin. Amitochondrial version of ferritin,
which has an unknownphysiological role, is elevated in congeni-
tal or acquired sideroblastic anaemias. Direct transfer of storage
iron from macrophages to erythroblasts (rhopheocytosis) may
also occur.
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Haem
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Figure 3.4 Molecular pathways of iron
absorption. The area enclosed in the
dotted box refers to the uptake of iron
from the plasma in the developing
enterocyte in the intestinal crypt.
Otherwise, the diagram refers to iron
absorption by the villous epithelial cell.
DMT1, divalent metal transporter 1; FPN,
ferroportin. Hp, hephaestin. For further
details see text and Table 3.1.

Some 80–90% of iron taken into developing erythroblasts is
converted to haem within 1 hour. Any iron taken up in excess
of the requirement for haem synthesis is incorporated in ferritin
(Figure 3.5). The red cell ferritin content is therefore increased
when haemoglobin synthesis is impaired, as in thalassaemia or
sideroblastic anaemia. Excess iron may be seen in the cytoplasm
of mature red cells as one or more siderotic granules. These are
composed of haemosiderin, and stain blue with Perls’ reaction
and purplish blue with Romanowsky stains, when they are called
Pappenheimer bodies. The spleen removes these granules by its
pitting action.

Ribosomes

Mitochondrion

Ferritin

Mitoferrin

Steap3
Dmt1

Globin

Haemoglobin

Endosome (acidic)

Transferrin
receptor

Transferrin
receptor

Iron-bound
transferrin

Apotransferrin

Fe2+

Haem

Figure 3.5 Incorporation of iron from plasma transferrin into
haemoglobin in developing red cells. Uptake of transferrin iron is
by receptor-mediated endocytosis.

Haem synthesis and mitochondrial iron
metabolism

Haem consists of a protoporphyrin ring with an iron atom at its
centre. Haem is synthesized from the precursors succinyl-CoA
and glycine, which condense to form δ-aminolaevulinic acid
(ALA) under the action of ALAS, with pyridoxal phosphate as
a coenzyme (Chapter 2). Housekeeping ALAS is ALAS1; in ery-
throid cells erythroid-specific ALAS2 predominates. ALA can
be utilized for the formation of both purines and haem. Four
molecules of porphobilinogen condense under the influence of
porphobilinogen deaminase and uroporphyrinogen cosynthase
to form the tetrapyrrole ring compound uroporphyrinogen III.
The latter is converted to protoporphyrin IX. Finally, iron in the
ferrous form is incorporated under the influence of the enzyme
ferrochelatase. Iron in haem has six coordinating valencies: four
link the iron to nitrogen atoms in each pyrrole ring, whereas
the remaining two link haem to histidine residues in the globin
chain, the distal bond being unstable and easily replaced by oxy-
gen to form oxyhaemoglobin. A haem exporter, group C feline
leukemia virus receptor (FLVCR) (Table 3.1), is present in ery-
throid cells and rids them of any haem made in excess.
The mitochondria play a major role in haem synthesis as they

contain ALAS, coproporphyrinogen oxidase and ferrochelatase,
the enzyme sequence from ALA to coproporphyrinogen being
situated in the cytoplasm. Besides haem, mitochondria utilize
iron in the synthesis of iron–sulfur clusters, prosthetic groups
essential for the function of several mitochondrial (respiratory
chain complexes, ferrochelatase) and cytosolic (aconitase) pro-
teins. A number of porphyrins are formed by side reactions dur-
ing the synthesis of protoporphyrin. In the porphyrias (see p.
35), many of these compounds accumulate in the major sites of
haem synthesis, the liver and the red cells.
The assembly of iron–sulfur clusters is a complex, incom-

pletely understood process that requires multiple proteins. The
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Table 3.3 Differential diagnosis of hypochromic anaemia.

Iron Chronic Thalassaemia Sideroblastic
deficiency disease trait (𝛂 or 𝛃) anaemia IRIDA

MCV/MCH ↓ ↓ or N ↓ ↓ (congenital) ↓
↑N (acquired)

Serum iron ↓ ↓ N ↑ ↓
TIBC ↑ ↓ or N N N
Transferrin saturation ↓ ↓ N ↑ ↓
Serum ferritin ↓ N or ↑ N ↑ N
Serum TFR ↑ N N N or ↑ ↑
Serum hepcidin ↓ ↑ N ↓ N or ↑
Bone marrow iron stores ↓ N or ↑ N N or ↑ ↑
Erythroblast iron ↓ ↓ N Ring forms

IRIDA, iron refractory iron deficiency anaemia; MCH, mean corpuscular haemoglobin; MCV, mean corpuscular volume; N, normal; TFR, transferrin
receptor; TIBC, total iron-binding capacity.

best known is frataxin, a likely iron donor in this pathway.
The gene encoding frataxin is mutated in Friedreich ataxia. An
enzyme active in the pathway, whose function is still unclear, is
glutaredoxin-5, which has been foundmutated in a rare recessive
form of sideroblastic anaemia. ABCB7, a member of a family of
transmembrane proteins characterized by the ABC domain that
binds and hydrolyses ATP, transfers iron–sulfur clusters from
mitochondria to the cytosol. Mutations of ABCB7 cause an X-
linked form of sideroblastic anaemia with ataxia (see below).
The mitochondria are also the site of the citric acid cycle,

which supplies succinate. Themature red cell, which lacks mito-
chondria, is therefore unable to synthesize haem.

Intracellular transit iron and plasma
non-transferrin-bound iron

It has been suggested, but not proved, that there is a transit
pool of ‘metabolically active’ or ‘labile’ iron within cells, which
receives iron from degraded haem or ferritin, exchanges with
transferrin and is incorporated into newly synthesized iron-
containing proteins. This iron is considered to be sensed by
iron regulatory proteins and available for chelation.Within cells,
low-molecular-weight chelates (e.g. with citrate)may be present.
In iron overload, non-transferrin-bound iron may also exist as
oligomeric iron oxide, either free or bound to albumin, and is
particularly toxic to various organs (Chapter 4).

Breakdown of haemoglobin

After phagocytosis by macrophages, haem from senescent red
cells is broken down by haem oxygenase (HMOX1) to release

iron (Chapter 8). As ferrous iron, it can then either enter fer-
ritin (where it is oxidized to ferric iron by the ferritin protein)
or be released into plasma (via ferroportin), where its bind-
ing to transferrin (also as the ferric form) may be facilitated
by a plasma ferrous oxidase (e.g. caeruloplasmin). The release
of macrophage iron is controlled by hepcidin, with high lev-
els, as in inflammation or iron overload, reducing iron release.
Changes in hepcidin concentration may account for the diur-
nal rhythm of serum iron concentration, which is highest in
the morning and lowest in the evening. A diurnal increase
in serum hepcidin at noon and 8 p.m. is observed in healthy
volunteers.

Diagnostic methods for investigating iron
metabolism

The large amount of iron present as haemoglobin means that
the degree of any anaemia must always be considered in assess-
ing iron status. Reduced amounts of haemoglobin accompany
an overall reduction in body iron in iron deficiency anaemia
or after acute blood loss. In other anaemias, including the
anaemia of chronic disease and most haemolytic and mega-
loblastic anaemias, iron is redistributed from the red cells
to macrophage iron stores, with a corresponding increase in
marrow-stainable iron and serum ferritin. No single measure-
ment is ideal for all clinical circumstances, as all are affected by
confounding factors and changesmay develop sequentially (as in
progressive negative iron balance) or may affect particular body
iron compartments. Table 3.3 summarizes the changes in mea-
sures of iron status accompanying various types of hypochromic
anaemia. The assessment of iron overload is discussed in
Chapter 4.
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Storage iron

Serum ferritin
In healthy subjects, the serum ferritin concentration corre-
lates with iron stores. Normal concentrations of serum fer-
ritin range from about 15 to 300 μg/L, and are higher in men
(median about 90 μg/L) than in premenopausal women (median
30 μg/L). In neonates, the concentration in cord blood (median
approximately 100 μg/L) rises further over the first 2 months of
life as fetal haemoglobin is broken down, and thereafter falls
to low levels (median 20–30 μg/L) throughout childhood and
adolescence.
Serum ferritin concentrations below 15 μg/L are virtually spe-

cific for storage iron depletion, but normal values do not exclude
this and values above 300 μg/L do not necessarily, or even usu-
ally, indicate iron overload. This is because ferritin synthesis is
influenced by factors other than iron (in particular, it behaves
as an acute-phase reactant in many inflammatory diseases). For
this reason, serum ferritin concentrations below 100 μg/L may
be associated with a lack of storage iron in patients with the
anaemia of chronic disease (ACD).

Bone marrow aspiration
Staining the bone marrow for iron gives an indication of
stores as well as erythroblast iron (Figure 3.6a). In iron defi-
ciency anaemia, macrophage and erythroblast iron are absent
(Figure 3.6b). In the anaemia of chronic diseases macrophage
iron is present, but erythroblast iron is absent.

Iron supply to the tissues

Serum iron and iron-binding capacity
The serum iron and,more particularly, the saturation of the total
iron-binding capacity of transferrin (TIBC) give a measure of
the iron supply to the tissues. A serum transferrin saturation
less than 15% is insufficient to support normal erythropoiesis.
A rise in TIBC is characteristic of iron deficiency. A reduced
serum iron concentration with a normal or reduced TIBC is a
characteristic response to inflammation (see below).

Serum transferrin receptors
Plasma concentrations reflect both the number of erythroid pre-
cursors and iron supply to the bone marrow, TRs being raised
in erythroid hyperplasia and in iron deficiency. In ACD, the
assay has been proposed as a valuable indicator of deficiency of
body iron stores. Serum TRs only increase in this situation in
the absence of storage iron. The test, however is not validated
for clinical use.

Red cell protoporphyrin
When iron supply to the erythron is limited, iron incorporation
into haem is restricted, leading to accumulation of the immedi-
ate precursor, protoporphyrin IX bound to zinc. This is lost only

(a)

(b)

(c)

Figure 3.6 (a) Normal bone marrow showing plentiful iron in
macrophages (Perls’ stain) with iron granules in erythroblasts
(insets). (b) Iron deficiency: bone marrow showing absence of
stainable iron (Perls’ stain). (c) Iron deficiency: peripheral blood
film showing hypochromic microcytic red cells.

slowly from circulating red cells; concentrations greater than the
normal upper limit of 80 μmol/mol haemoglobin therefore indi-
cate that a reduction in iron supply has been present over the
previous few weeks. Protoporphyrin levels may also increase in
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patientswith sideroblastic anaemias and lead poisoning. The test
is not uniformly available, but analysers that are portable and
easy to operate are useful in large-scale field studies of iron defi-
ciency anaemia as an initial screening test.

Percentage of hypochromic red cells
As iron supply to the erythron diminishes, the new red cells
produced are increasingly hypochromic. Assessment of the
haemoglobin content of individual red cells, which is possi-
ble using some automated cell counters, allows measurement
of the percentage of hypochromic cells. Values rising to above
6% may help in the early identification of impaired iron sup-
ply in patients with chronic renal failure who are receiving
treatment with recombinant erythropoietin, when associated
inflammatory disease means that other measures of iron status
can be misleading. Measurement of the reticulocyte content of
haemoglobin is now also used as a test of functional iron status
and is discussed next.

Reticulocyte haemoglobin content
Measurement of the reticulocyte content of haemoglobin is now
used as a test of functional iron status. This parameter (CHr or
Re-He according to the type of automated counter used) is use-
ful in screening iron status, particularly for the assessment of
iron-deficient erythropoiesis, as in dialysis patients treated with
erythropoietin. Moreover, CHr may serve as a predictor of the
response of anaemia to iron treatment. When response to treat-
ment is favourable, an increase in CHr may be discerned within
a few days of starting treatment before overall mean corpuscular
haemoglobin (MCH) has changed.

Iron deficiency anaemia

An attempt to evaluate the global anaemia burden in the last
20 years showed that, notwithstanding some improvement in
the most recent years, iron deficiency remains the top-ranking
cause of anaemia worldwide, especially in developing countries,
due to a combination of inadequate iron intake and blood loss
from hookworm, schistosomiasis infestation and other causes of
haemorrhage.

Sequence of events

Depletion of iron stores
When the body is in a state of negative iron balance, the
first event is depletion of body stores, which are mobilized for
haemoglobin production. Iron absorption is increased when
stores are reduced, before anaemia develops and even when the
serum iron level is still normal, although the serum ferritin will
have already fallen.

Iron-deficient erythropoiesis
With further iron depletion, manifested by a serum ferritin
below 15 μg/L and a fall in serum transferrin saturation to less
than 15%, iron-deficient erythropoiesis developswith increasing
concentrations of serum transferrin receptor and red cell pro-
toporphyrin. At this stage, the haemoglobin, mean corpuscu-
lar volume (MCV) and MCH may still be within the reference
range, although they may rise significantly when iron therapy is
given.

Iron deficiency anaemia
If the negative balance continues, frank iron deficiency anaemia
develops. The red cells become obviously microcytic and
hypochromic (Figure 3.6c), and poikilocytosis becomes more
marked. The MCV and MCH are reduced, and target cells
may be present. The reticulocyte count is low for the degree of
anaemia. The serum TIBC rises and the serum iron falls, so that
the percentage saturation of TIBC is usually less than 10%.
The erythroblasts, devoid of siderotic granules, have a ragged

vacuolated cytoplasm and relatively pyknotic nuclei. The bone
marrowmacrophages show a total absence of iron, except where
very rapid blood loss outstrips the ability to mobilize the storage
iron. Platelets are frequently increased.

Tissue effects of iron deficiency
When iron deficiency is severe and chronic, widespread tis-
sue changes may be present, including koilonychia (ridged or
spooned nails, breaking easily), hair thinning, angular stomati-
tis, glossitis and pharyngeal webs (Paterson–Kelly syndrome).
Partial villous atrophy, with minor degrees of malabsorption of
xylose and fat, reversible by iron therapy, has been described in
infants suffering from iron deficiency, but not in adults. Pica is
sometimes present; in some who eat clay or chalk, this may be
the cause rather than the result of iron deficiency.
Iron-dependent enzymes in the tissues are usually better pre-

served than other iron-containing compounds. In severe iron
deficiency, however, these enzymes are not inviolate and their
levels may fall. This may be partly responsible for the general tis-
sue changes, poor lymphocyte transformation and diminished
cell-mediated immunity, and impaired intracellular killing of
bacteria by neutrophils.
A particular concern has been the finding that infants with

iron deficiency anaemia may have impaired mental develop-
ment and function, and that this deficit may not be com-
pletely restored by iron therapy. It remains controversial whether
impaired work performance seen in adults results from the
anaemia or from depletion of mitochondrial iron-containing
enzymes. It is also unclear to what extent some of the other tis-
sue effects of iron deficiency can occur even in the absence of
anaemia. One study has found that treatment with intravenous
iron in premenopausal women with fatigue and serum ferritin
<15 μg/L, but non-anaemic, significantly improved symptoms
compared to a placebo-treated group. Routine prophylaxis with
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Table 3.4 Causes of iron deficiency.

Dietary
Especially vegetarian diet

Malabsorption
Gluten-induced enteropathy (child or adult), gastrectomy,
duodenal bypass, atrophic gastritis, IBD, chronic
inflammation, heart failure, clay eating, etc.

Blood loss
Uterine: menorrhagia, postmenopausal bleeding, parturition
Gastrointestinal: oesophageal varices, hiatus hernia,
Helicobacter pylori, peptic ulcer, aspirin ingestion,
hookworm, schistosomiasis, hereditary telangiectasia,
carcinoma of the stomach, caecum or colon, ulcerative colitis,
angiodysplasia, Meckel diverticulum, diverticulosis,
haemorrhoids, etc.

Renal tract: haematuria (e.g. renal or bladder lesion),
haemoglobinuria (e.g. paroxysmal nocturnal
haemoglobinuria, mechanical haemolyis)

Pulmonary tract: overt haemoptysis, idiopathic pulmonary
haemosiderosis

Widespread bleeding disorders
Frequent blood donors
Self-inflicted (Munchausen syndrome)

ESA (erythropoiesis-stimulating agents) may cause functional iron
deficiency.

iron of African children carries the risk of exacerbating malaria
and is not now advised.

Causes of iron deficiency (Table 3.4)

Diet
Defective intake of iron is rarely the sole or major cause of iron
deficiency in adults inWestern communities. It takes more than
4 years for an adult male to develop iron deficiency anaemia on
a diet completely devoid of iron. The diet may contain insuf-
ficient or poorly available iron as a result of poverty, religious
tenets or food faddism. Iron deficiency is more likely to develop
in subjects taking a largely vegetarian diet – the majority of the
world’s population – and who also have increased physiological
demands for iron.

Increased physiological iron requirements
Iron deficiency is common in infancy, when demands for growth
may be greater than dietary supplies. It is aggravated by pre-
maturity, infections and delay in mixed feeding. Young children
(<5 years) in low and middle income areas are the age group
most affected, with little variation in prevalence of anaemia over
the last 20 years, according to a recent large study. Iron defi-
ciency is also frequent in adolescence and in females (Table 3.2).
The gender gap in iron deficiency anaemia has widened in
recent years on a worldwide basis. Pregnancy also favours iron

deficiency. The fetus acquires about 280 mg of iron and a further
400–500 mg is required for the temporary expansion of mater-
nal red cell mass. Another 200 mg of iron is lost with the pla-
centa and with bleeding at delivery. Although iron absorption
increases throughout pregnancy and increased requirements are
partly offset by amenorrhoea, this may not be sufficient to meet
the resultant net maternal outlay of over 600 mg iron. Rou-
tine iron prophylaxis is not recommended in pregnancy in the
UK, but is given for anaemia (haemoglobin <110 g/L in first
trimester, <105g/L in second or third trimesters and <100 g/L
post partum).

Blood loss
Blood loss is themost common cause of iron deficiency in adults.
A loss of more than about 6–8 mL of blood (3–4 mg iron) daily
becomes of importance, as this equals the maximum amount of
iron that can be absorbed from a normal diet. The loss is usu-
ally from the genital tract in women or from the gastrointestinal
tract in either sex. Themost common cause on aworldwide basis
is infestation with hookworm, in which anaemia is related to
the degree of infestation. Another important cause in developing
countries that can affect any age is schistosomiasis, infection by
Schistosoma (S.) mansoni causing bleeding from the gut and S.
haematobium from the bladder, although in both cases anaemia
of inflammation may coexist with iron deficiency. In the UK,
menorrhagia, haemorrhoids and peptic ulceration are common,
as well as gastric bleeding because of salicylates or other non-
steroidal anti-inflammatory drugs, hiatus hernia, colonic diver-
ticulosis and cancer (Table 3.4). Haemodialysis results in loss of
4–8 mg iron daily. Investigation often involves, particularly in
older subjects, occult blood tests, upper and lower gastrointesti-
nal endoscopy or computed tomography pneumocolon and if
these are negative capsule endoscopy. Screening for colon can-
cer with serum tumour markers CEA and Ca19-9 is useful, but
normal values do not exclude the possibility of colon cancer
being present. Some unusual causes of blood loss deserve men-
tion. Cow’s milk intolerance in infants may lead to gastrointesti-
nal haemorrhage. Self-induced haemorrhage may occur as an
unusual form of Munchausen syndrome. Chronic intravascular
haemolysis, such as that in paroxysmal nocturnal haemoglobin-
uria or mechanical haemolytic anaemia, may be a serious source
of urinary iron loss.

Malabsorption
Malabsorption may be the primary cause of iron deficiency
or it may prevent the body adjusting to iron deficiency from
other causes. Dietary iron is poorly absorbed in gluten-induced
enteropathy, in both children and adults. Gluten-induced
enteropathy is encountered in about 5% of patients presenting
with unexplained iron deficiency anaemia and, conversely,
about 50% of patients with newly diagnosed coeliac disease
have coexistent iron deficiency anaemia. Patients with this
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Table 3.5 Human porphyrias.

Form Inheritance Enzyme defect Clinical features∗

Hepatic
Acute intermittent porphyria Autosomal dominant Porphobilinogen deaminase A
Hereditary coproporphyria Autosomal dominant Coproporphyrinogen oxidase A + P
Porphyria variegate Autosomal dominant Protoporphyrinogen oxidase A + P
Porphyria cutanea tarda Acquired or (rare)

autosomal dominant
Uroporphyrinogen decarboxylase P

Erythropoietic
Congenital erythropoietic
porphyria

Autosomal recessive Uroporphyrinogen cosynthase P

Erythropoietic protoporphyria Autosomal dominant Ferrochelatase P

∗Acute attacks (A) of the gastrointestinal and/or nervous system are related to the accumulation of porphyrin precursors (δ-aminolaevulinic acid and
porphobilinogen). Photosensitive skin lesions (P) are seen when the level of the enzyme defect in the haem synthetic pathway leads to the accumulation
of formed porphyrins.

disease often show decreased or no response to oral therapy
with inorganic iron.
Helicobacter pylori gastritis appears to be a common cause

of iron deficiency, responding favourably to eradication with
triple therapy. H. pylori gastritis inhibits gastric hydrochloric
acid secretion, interfering with the solubilization and absorption
of inorganic food iron, but it is also possible that gastrointesti-
nal blood loss plays a significant role in the causation of the iron
deficiency. Achlorhydria associated with autoimmune gastritis,
an entity that may progress to pernicious anaemia, is an impor-
tant cause of ironmalabsorption due to impaired food iron solu-
bilization. It is encountered in about 20% of patients with unex-
plained or refractory iron deficiency anaemia, mostly women of
fertile age in whom achlorhydria aggravates the consequences
of menstrual blood loss. Inflammatory bowel diseases are
conditions in which iron deficiency may coexist with anaemia
of inflammation.
Iron deficiency occurs in congestive heart failure due to mal-

absorption and iron loss and these patients may also have the
features of the anaemia of chronic disorders.

Management of iron deficiency

Management entails: (1) identification and treatment of the
underlying cause and (2) correction of the deficiency by therapy
with inorganic iron. Iron deficiency is commonly due to blood
loss and, wherever possible, the site of this must be identified
and the lesion treated.

Oral therapy
In most patients, body stores of iron can be restored by oral
iron therapy. Iron is equally well absorbed from several simple
ferrous iron salts, and as ferrous sulfate is the cheapest, this is the

drug of first choice – 200 mg of ferrous sulfate contains 67 mg of
iron. A maximum of one tablet is given three times daily with 6
hours between doses. Where smaller doses are required to avoid
side-effects, 300 mg of ferrous gluconate provides 36 mg of iron.
It is usual to give up to 200 mg of elemental iron each day to
adults and about 3 mg/kg per day as a liquid iron preparation to
infants and children. The side-effects of oral iron, such as nausea,
epigastric pain, diarrhoea and constipation, are related to the
amount of iron taken. If iron causes gastrointestinal symptoms,
these can usually be ameliorated by reducing the dose or taking
the iron with food, but this also reduces the amount absorbed.
Enteric-coated and sustained-release preparations should not be
used, as much of the iron is carried past the duodenum to sites
of poor absorption. Iron reduces absorption of tetracyclines (and
vice versa) and of ciprofloxacin.
The minimum rate of response should be a 20 g/L rise in

haemoglobin every three weeks, and the usual rate is 1.5–2.0 g/L
daily. This will be slower when the dose tolerated is less than 100
mg/day, but this is seldom of clinical importance. It is usually
necessary to give iron for 3–6 months to correct the deficit of
iron in circulating haemoglobin and in stores (shown by a rise
in serum ferritin to normal).
Failure to respond to oral iron is most commonly due to the

patient not taking it, although there may be continued haemor-
rhage or malabsorption. In non-responding patients it is impor-
tant to reassess the diagnosis to exclude other causes of micro-
cytic anaemia such as iron-loading anaemias. For instance,many
patients with thalassaemia trait, sideroblastic anaemia or other
anaemias have been treated with iron before haemoglobin stud-
ies, bone marrow examination or other tests have revealed the
correct diagnosis. A poor response may also be obtained if
the patient has an infection, renal or hepatic failure, an under-
lying malignant disease or anaemia of inflammation and any
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other cause of anaemia in addition to iron deficiency. Iron
supplementation in children in areas endemic for malaria may
worsen the infection, especially cerebral malaria.

Parenteral iron therapy
This is indicated in subjects who genuinely cannot tolerate oral
iron, particularly if gastrointestinal disease, such as inflamma-
tory bowel disease, is present. It is also occasionally necessary in
gluten-induced enteropathy and when it is essential to replenish
body stores rapidly (e.g. where severe iron deficiency anaemia
is first diagnosed in late pregnancy) or when oral iron cannot
keep pace with continuing haemorrhage (e.g. in patients with
hereditary haemorrhagic telangiectasia). Patients with chronic
renal failure who are being treated with recombinant erythro-
poietin also require parenteral iron therapy. In this situation,
the demand for iron by the expanded erythron may outstrip
the ability to mobilize iron from stores, leading to a ‘functional’
iron deficiency. Increased red cell loss at dialysis contributes to
iron needs and oral iron therapy is usually inadequate to prevent
an impaired response to erythropoietin. Serum ferritin in this
setting is an unreliable indicator of iron deficiency. High hep-
cidin levels because of reduced clearance and inflammation con-
tribute to erythropoietin resistance in renal failure. This occurs
in other chronic inflammatory conditions: e.g. anaemia of can-
cer when treated with erythropoietin, requires parenteral iron
as well. Intravenous iron has been shown to benefit functional
capacity and quality of life in patients with congestive heart fail-
ure and iron deficiency, even in the absence of anaemia.
From all parenteral preparations, the iron complex is taken up

bymacrophages, fromwhich iron is released to circulating trans-
ferrin, which then transports it to the marrow. High-molecular-
weight iron dextran has been largely abandoned because of
potentially severe side-effects, including anaphylaxis. A low-
molecular-weight iron dextran, available in the UK as Cos-
mofer, is relatively safe and can provide all iron necessary (up
to 1000mg) in one infusion. An iron–sucrose complex, Venofer,
is given by intravenous infusion to a maximum of 200 mg in 1–
2 hours and not repeated in less than 48 hours. The deficit in
body iron should be calculated from the degree of anaemia; it
is usually 1–2 g. In patients receiving erythropoietin treatment
in chronic renal failure, smaller intravenous doses of Venofer
(25–150 mg/week) may be used, with regular monitoring of
serum ferritin to avoid iron overload. Ferrinject is a macro-
molecular iron(III)-hydroxide carbohydrate complex (molecu-
lar weight approximately 150 kDa). It can be administered as an
intravenous bolus (maximum single dose 200 mg) or slow infu-
sion (maximum single dose 1000 mg over 15 minutes). Iron iso-
maltoside 1000 is given by intravenous infusion or slow intra-
venous injection.
Headache, flushing, nausea, skin rashes, urticaria, shivering,

general aches and pains, dyspnoea and syncope are possible
immediate adverse effects of intravenous iron.Delayed reactions

include arthralgia, fever and lymphadenopathy and can persist
for several days.

Iron refractory iron deficiency anaemia

Homozygous or doubly heterozygous mutations of matriptase-2
are a cause of iron refractory iron deficiency anaemia. Themuta-
tions may affect different conserved domains of the protein,
including the trypsin-like serine protease domain. The patients
show amicrocytic hypochromic anaemia due to inappropriately
high hepcidin levels and low serum iron and percentage satu-
ration of iron-binding capacity. The patients absorb iron poorly
and are refractory to oral iron therapy, but are partially respon-
sive to parenteral iron.
A microcytic hypochromic anaemia with liver iron overload

has also been described in a few patients with homozygous or
doubly heterozygous mutations of DMT1. Liver iron stores are
increased, but erythroid iron utilization is impaired and serum
hepcidin levels are low for the degree of iron overload. These
patients may respond to erythropoietin injections.
Deficiency of serum transferrin due tomutations of the trans-

ferrin gene causes a hypochromic microcytic anaemia with tis-
sue iron overload caused by increased plasma non-transferrin-
bound iron and low hepcidin levels. Treatment has been with
infusions of fresh frozen plasma or apotransferrin.
Deficiency of caeruloplasmin also causes amild hypochromic

microcytic anaemia with iron overload in the liver and progres-
sive neurodegeneration. There is failure of ferroxidase activity,
which impairs iron mobilization from stores.

Pathological alterations in haem synthesis

Porphyrias

These are a group of inherited or acquired diseases, each char-
acterized by a partial defect in one of the enzymes of haem
synthesis (Chapter 2). Increased amounts of the intermediates
of haem synthesis accumulate, the disorders being classified by
whether the effects are predominantly in the liver or the ery-
thron (Table 3.5). A full discussion of these disorders is beyond
the scope of this chapter, but those with a particular haemato-
logical overlap are mentioned briefly.

Congenital erythropoietic porphyria
This is a very rare autosomal recessive disorder that is due to
reduced uroporphyrinogen III synthase activity. Most patients
are compound heterozygotes for mutations in the uropor-
phyrinogen III synthase gene. A single case with a germline
mutation of the X-linked erythroid-specific transcription fac-
tor GATA1 has been described. Large amounts of porphyrino-
gens accumulate, and their conversion by spontaneous oxi-
dation to photoactive porphyrins leads to severe, and disfig-
uring, cutaneous photosensitivity and dermatitis, as well as a
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haemolytic anaemia with splenomegaly. Increased amounts of
uroporphyrin and coproporphyrin, mainly type I, are found in
bone marrow, red cells, plasma, urine and faeces. The age of
onset and clinical severity of the disease are highly variable,
ranging from non-immune hydrops fetalis to a later onset in
which there are only cutaneous lesions. Treatment, including
avoidance of sunlight and splenectomy to improve red cell sur-
vival, is only partially effective. High-level blood transfusions to
suppress erythropoiesis (combined with iron chelation therapy)
have been used to reduce porphyrin production sufficiently to
abolish the clinical symptoms. Allogeneic bone marrow trans-
plantation has been successful.

Erythropoietic protoporphyria
This is the most common erythropoietic porphyria and is usu-
ally caused by an autosomal dominant inherited deficiency
of ferrochelatase, which results in increased free (not Zn
linked) protoporphyrin concentrations in bone marrow, red
cells, plasma and bile. Bone marrow reticulocytes are the pri-
mary source of the excess protoporphyrin. This leaks from cells
and is excreted in the bile and faeces. Molecular analysis of the
ferrochelatase gene has revealed a variety of missense, nonsense
and splicing mutations as well as deletions and insertions. The
onset of the disease is usually in childhood.
Expression of the gene is variable, and photosensitivity and

dermatitis range from mild or absent to moderate in degree.
There is little haemolysis, but a mild hypochromic anaemia may
occur, and accumulation of protoporphyrins can occasionally
lead to severe liver disease. Treatment is by the avoidance of sun-
light; β-carotene may also diminish photosensitivity. Iron defi-
ciency should be avoided as this may increase the amount of free
protoporphyrin.
Rare patients with a variant of erythropoietic protoporphyria

have been discovered to have gain-of-function mutation of
ALAS2.

Porphyria cutanea tarda
This is the most common of the hepatic porphyrias and occurs
worldwide. The incidence in the UK has been estimated at 2–5
per million. Type I or ‘sporadic’ porphyria cutanea tarda (PCT)
accounts for 80% of cases of PCT. The underlying metabolic
abnormality is decreased activity of uroporphyrinogen decar-
boxylase (UROD) in the liver. Type II disease is an autosomal
dominant disorder caused by mutations in the UROD gene.
Type III disease is a rare familial form and appears to result from
unknown inherited defects that affect hepatic UROD activity.
There is a marked increase in porphyrins in liver, plasma, urine
and faeces. The disease is characterized by photosensitivity and
dermatitis. It is precipitated in middle or later life, more often in
men than women, by factors such as liver disease, alcohol excess
or oestrogen therapy. A modest increase in liver iron is a com-
mon feature.

Either the homozygous or heterozygous presence of the
C282Y and H63D mutations in the HFE gene (Chapter 4) may
predispose to the development of PCT. Prevalence of the C282Y
mutation is increased in both sporadic (type I) and familial (type
II) PCT. In the UK, only homozygosity for C282Y (found in
about 25% of patients) is significantly more common than in the
general population (0.7%). In southern Europe, where C282Y
is much less common, the H63D mutation is associated with
PCT. Iron is known to inhibit UROD. Removal of the iron by
repeated phlebotomy is standard treatment, usually leading to
remission.

Lead poisoning

Chronic ingestion of lead in humans causes an anaemia that
is usually normochromic or slightly hypochromic. Red cell
lifespan is shortened and there is a mild rise in reticulocytes,
but jaundice is rare. Basophilic stippling is a characteristic,
though not universal, finding and it is thought to be due to
precipitation of RNA, resulting from inhibition of the enzyme
pyrimidine 5′-nucleotidase. Siderotic granules, and occasionally
Cabot rings, are found in circulating red cells. The bone mar-
row shows increased sideroblasts, in some patients with ring
sideroblasts. Red cell protoporphyrin and coproporphyrin are
raised, as is urinary excretion of ALA, coproporphyrin III and
uroporphyrin I.
The cause of the anaemia appears to be multifactorial.

Haemolysis, probably due to the blocking of sulfydryl groups
with consequent denaturation of structural proteins, and dam-
age to mitochondria, with defective haemoglobin production
due to inhibition of the enzymes of haem synthesis, are themajor
factors.

Sideroblastic anaemia

The sideroblastic anaemias comprise a group of refractory
anaemias (Table 3.6) in which there are variable numbers of
hypochromic cells in the peripheral blood, with an excess of iron
in the bonemarrow; at least 15% of the developing erythroblasts
in the primary forms of anaemia contain iron granules arranged
in a ring around the nucleus (Figure 3.7). These ring sidero-
blasts (more than four perinuclear granules per cell and
covering one-third or more of the nuclear circumference)
are the diagnostic feature of the anaemia. Ring sidero-
blastsmay comprise a small (< 15%) population of the erythrob-
lasts in a wide variety of clinical disorders.

Inherited sideroblastic anaemias
These are rare disorders manifesting mainly in males, usually
in childhood or adolescence, but occasionally presenting late in
life, when they need to be distinguished from the more com-
mon acquired form termed ‘refractory anaemiawith ring sidero-
blasts’. Inherited sideroblastic anaemias may show exclusively
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Table 3.6 Sideroblastic anaemias.

Hereditary
X-linked
Erythroid-specific ALAS2 mutations
Associated with spinocerebellar ataxia: mitochondrial
ATP-binding cassette (ABCB7) mutations

Autosomal recessive
Thiamine responsive, THTR-1 (SLC19A2) mutations:
DIDMOAD syndrome

Glutaredoxin-5 (GLRX5) mutations
Associated mitochondrial myopathy: pseudouridine synthase-1
mutations, YARS mutations

SLC25A38 mitochondrial transporter mutations

Mitochondrial
Pearson (marrow–pancreas) syndrome
Kearns–Sayre syndrome

Acquired
Primary
Refractory anaemia with ring sideroblasts (RARS)

Secondary
Drugs: isoniazid, pyrazinamide, cicloserine, chloramphenicol,
penicillamine

Mitochondrial toxicity: alcohol, lead poisoning
Copper deficiency in systemic disease: carcinoma, rheumatoid
arthritis

DIDMOAD, diabetes insipidus, diabetes mellitus, optic atrophy and
deafness

Figure 3.7 Sideroblastic anaemia. Erythroblasts showing
perinuclear rings of iron (Perls’ stain).

anaemia as the main symptom or present within a syndrome
that includes anaemia in the context of other non-haematologic
manifestations.

X-linked sideroblastic anaemia
ALAS2 mutations
In most reported families, inheritance has followed an X-linked
pattern. More than 25 different mutations of the gene for
erythroid-specific ALAS2 have been identified. All have been
single-base substitutions. Most lead to changes in protein struc-
ture, causing instability or loss of function. They are found scat-
tered over the exons encoding the catalytically active domain
of the protein. Mutations affecting the promoter have also been
shown to cause disease. Function may be rescued to a variable
degree by administration of pyridoxal phosphate (the essential
cofactor for ALAS2), the best responses occurring when the
mutation affects the pyridoxal phosphate-binding domain of the
enzyme. The response is better if iron overload is reduced by
phlebotomy or chelation.
Female carriers of X-linked sideroblastic anaemia may show

partial haematological expression, usually with only mild or no
anaemia, although rarely a severe dimorphic anaemia occurs.
This may depend on variation in the severity of the defect, as
well as the degree of lyonization of the affected X chromosome.
Late onset in some patients suggests that the degree of lyoniza-
tion may change with age. Iron loading may also aggravate
the defect in haem synthesis in both males and females with
sideroblastic anaemia.
Patients with X-linked sideroblastic anaemia show a

hypochromic, often microcytic, anaemia. There may be a few
circulating siderocytes, normoblasts and cells with punctate
basophilia, but these features become pronounced only if the
spleen has been removed. The bone marrow shows erythroid
hyperplasia and the erythroblasts tend to be microcytic with
a vacuolated cytoplasm. There are more than 15% ringed
sideroblasts. The ineffective erythropoiesis is not usually
accompanied by bone deformities, but some bossing of the
skull and enlargement of the facial bones may result from the
erythroid expansion. The spleen may be enlarged. Patients may
present with severe iron overload even when the anaemia is
relatively mild, but the rate of iron loading is accelerated if red
cell transfusions are needed. Iron loading, however, aggravates
the anaemia.

ABCB7 mutations
A rare form of X-linked sideroblastic anaemia is caused by
abnormalities in the ATP-binding cassette transporter gene
(ABCB7). This form is associated with early-onset, non-
progressive cerebellar ataxia. A useful diagnostic distinction is
the presence within the red cells of increased zinc protopor-
phyrin, despite adequate iron stores, rather than the low/normal
levels found in patients with abnormalities in ALAS2. The
anaemia is mild to moderately severe. The enzyme deficiency
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induces disruption in the maturation of cytosolic iron–sulfur
clusters. The ataxia may be due to iron damage to mitochondria
in neural cells.

Autosomal sideroblastic anaemia
Mitochondrial myopathy and sideroblastic anaemia
Mitochondrial myopathy, lactic acidosis and sideroblastic
anaemia (MLASA) results from a homozygous mutation in the
nuclear-encoded gene for pseudouridine synthase. As in Pear-
son syndrome, there are defects of the mitochondrial electron
transport chain affecting reduced access to ferrochelatase.Muta-
tions affecting the pseudouridylate synthase 1 (PUS1) gene cause
deficient pseudouridylation of mitochondrial tRNAs.Mutations
of the YARS2 gene product, mitochondrial tyrosyl-tRNA syn-
thetase may cause the same MLASA phenotype through respi-
ratory chain dysfunction.

Abnormalities of a high-affinity transporter of thiamine
Abnormalities of SLC19A2 gene encoding a putative thi-
amine transporter (THTR-1) are responsible for thiamine-
responsive megaloblastic anaemia (Roger syndrome). This syn-
drome, inherited in an autosomal recessive manner, may also
combine diabetes insipidus, diabetes mellitus, optic atrophy and
deafness (DIDMOAD), which respond in varying degrees to
pharmacological doses of thiamine (vitamin B1). Ring sidero-
blasts in varying numbers are typically present and onset is usu-
ally in childhood, although some symptoms may be present in
infancy. A direct link between the presence of the mutation and
mitochondrial iron loading has yet to be demonstrated.

Mutations of glutaredoxin-5
This enzyme participates in iron–sulfur cluster formation.
Two families have been described with autosomal recessive
hypochromic microcytic anaemia with ring sideroblasts with
inherited mutations of the enzyme.

Mutations of Solute Carrier Family 25, Member 38
(SLC25A38)
This mitochondrial carrier is a transporter that may be involved
in glycine transfer to the mitochondria, an essential step in syn-
thesis of ALA. Mutation in congenital sideroblastic anaemia
is described in several families from different ethnic groups.
The degree of anaemia, which is microcytic and hypochromic,
is usually severe since infancy and transfusion-dependent.
Some patients have been cured by allogeneic bone marrow
transplantation.

Mitochondrial DNAmutations
Deletions of mitochondrial DNA, sometimes associated with
duplications, are known to be the cause of the Pearson
marrow–pancreas syndrome, typically consisting of sideroblas-
tic anaemia, pancreatic exocrine dysfunction and lactic acido-
sis. This is a severe disorder of early onset, presenting usually
with failure to thrive, persistent diarrhoea and lactic acidosis.

All haemopoietic cell lineages can be affected, and the anaemia
is typically macrocytic with prominent vacuoles in cells of both
myeloid and erythroid lineages.
Mitochondrial DNA has its own genetic code and encodes

mitochondrial tRNA and ribosomal RNA as well as several
mitochondrial proteins. In Pearson syndrome, deletions may
encompass tRNA as well as mitochondrial genes and therefore
have an effect on the function of all mitochondrion-encoded
proteins, causing considerable loss of mitochondrial function.
The presence of many different mitochondria within nucleated
cells enable the coexistence of normal and abnormal species,
the proportion of which is likely to vary within different tis-
sues, a phenomenon known as heteroplasmy. The extent to
which different tissues are affected depends to some extent
on this proportion and detection often requires the study of
different tissues. Inheritance is difficult to determine for the
same reason and most cases are described as of ‘sporadic’
occurrence.
Different types of mitochondrial DNA deletion characterize

also the Kearns–Sayre syndrome, which presents with ophthal-
moplegia and cardiomyopathy and other developmental abnor-
malities.
Recently a new syndromic form of recessive sideroblastic

anaemia was described in the context of immunodeficiency,
periodic fevers, and developmental delay (SIFD), caused by
mutations in transfer RNAs (tRNA)-nucleotidyltransferase 1
(TRNT1), the gene encoding the enzyme adding the nucleotide
sequence CCA to the 3′ end of tRNA, essential for maturation of
both nuclear and mitochondrial tRNAs.
There are still a number of cases of inherited sideroblastic

anaemia in which the exact underlying genetic defect remains
obscure, that may or may not show sex-linked inheritance and
often show a macrocytic or dimorphic picture.

Acquired sideroblastic anaemia
(see also Chapter 25)
Refractory anaemia with ring sideroblasts
This is a form of myelodysplasia and arises as a clonal dis-
order of haemopoiesis. The anaemia is often macrocytic with
raised red cell protoporphyrin concentrations, in contrast to
X-linked sideroblastic anaemia. Marked erythroid hyperplasia
may be present, together with increased iron stores. In these
patients, abnormalities in the white cell or platelet precursors are
usually absent and the risk of transformation to acute myeloid
leukaemia appears less than in other myelodysplastic disorders.
Somatic mutations of the spliceosome SF3B1 gene have been
found inmore than 90%of patientswith refractory anaemiawith
ring sideroblasts (RARS) and allow diagnosis by molecular test
(Chapter 25). Smaller numbers (<15%) of ring sideroblasts may
be present in patients with any of the other myelodysplastic and
myeloproliferative diseases. Acquired defects of mitochondrial
DNA may underlie iron transport abnormalities in refractory
anaemia with ring sideroblasts.
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Secondary sideroblastic anaemias
Sideroblastic anaemia may be found as a complication of
antituberculous chemotherapy, particularly with isoniazid and
cicloserine (pyridoxine antagonists). Sideroblastic anaemia
occurs in alcoholism if there is associated malnutrition and
folate deficiency. Suggested mechanisms include interference
with haem formation and pyridoxine metabolism. The anaemia
rapidly reverses with abstinence from alcohol, a normal diet
and pyridoxine therapy. Chloramphenicol inhibits mitochon-
drial protein synthesis and in some patients causes ring sider-
oblast formation, presumably as a result of impaired haem for-
mation in the mitochondria. Lead inhibits several enzymes
involved in haem synthesis and may damage structural mito-
chondrial proteins. In some cases, ring sideroblasts are visible in
the marrow. Ring sideroblasts may also occur in erythropoietic
porphyrias.

Treatment
Pyridoxine
Some patients with X-linked sideroblastic anaemia respond to
pyridoxine, given initially in doses of 100–200 mg daily. The
response is usually partial. Patients may require only small doses
(less than 10 mg daily) to maintain a higher haemoglobin con-
centration.
Pyridoxine therapy is almost always ineffective in RARS.

However, some secondary sideroblastic anaemias may be
completely reversed by pyridoxine therapy. This has been
described in alcoholism, haemolytic anaemia and gluten-
induced enteropathy, as well as in patients receiving antitubercu-
lous chemotherapy, in whom the drugs have been stopped and
pyridoxine administered.

Other forms of treatment
Folic acid may benefit patients with secondary anaemia. For
refractory patients, the anaemia may remain stable and, if the
patient is transfusion independent, no treatment is needed.
Patients requiring regular red cell transfusions require iron

chelation therapy (see Chapter 4). Iron loading may aggravate
the anaemia and, in some patients, improvement in the anaemia
has followed iron removal by phlebotomy or iron chelation ther-
apy. Splenectomy should usually be avoided, as it does not ben-
efit the anaemia and leads to persistently high platelet counts
postoperatively, with a high incidence of thromboembolism.
Bone marrow transplantation may be proposed to severe non-
syndromic forms of sideroblastic anaemia.
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Introduction

Excessive iron accumulation may lead to tissue damage. Iron
overload of the parenchymal cells of the liver, endocrine organs
and the heart commonly arises when there is excessive iron
absorption, whereas iron administered parenterally (e.g. as mul-
tiple transfusions) is first taken up by macrophages, which
destroy senescent red cells. However, there is no absolute dis-
tinction between the two sources of iron loading, as iron in
macrophages is slowly released to transferrin, from which it
is taken up by parenchymal cells. Causes of iron overload are
shown in Table 4.1. Severe iron overload, arbitrarily defined as
an excess of storage iron of more than 5 g, is confined to the
hereditary forms of haemochromatosis, and the iron-loading
anaemias.

Hereditary haemochromatosis

Hereditary haemochromatosis (HH) is now classified according
to the genetic defect causing iron overload (Table 4.2). The vast
majority of cases are of Type 1, involving the HFE gene (Chap-
ter 3). In populations of northern European origin,most patients
with HH are homozygous for the HFE pCys282TyrC mutation
(pC282Y). All the other types, often indicated as non-HFE HH,
are very rare. Types 1, 2 and 3 HH are autosomal recessive dis-
eases and share common features due to hepcidin deficiency,
including high transferrin saturation and hepatocyte iron accu-
mulation. Type 4 HH, inherited as a dominant condition, is a

heterogeneous disease with variable clinical phenotype. Digenic
inheritance has been rarely described in patients who are het-
erozygous for HFE pC282Y and have a mutation in the one of
the other genes.

HFE haemochromatosis

HFEHH is one of the most common genetic conditions in pop-
ulations of northern European origin, associated withmutations
in the HFE gene.
The HFE gene is an atypical MHC class I-like gene located at

6p21. The association of HH with HLA-A3 suggested a founder
mutation in a chromosome carrying theA3 haplotype. Homozy-
gosity for a G→A substitution at nucleotide 845 of the HFE
gene results in a cysteine to tyrosine substitution at amino acid
282 (pC282Y). A second variant (187C→G) results in a histi-
dine to aspartic acid substitution at amino acid 63 (pHis63Asp
or pH63D).
HFE genotypes have been reported from large population

studies throughout the world. In a study of 100,000 multiethnic
participants from primary care practices, the estimated preva-
lence of the pC282Y homozygous genotype was higher in white
(1 in 227, 0.44%) than in black individuals and was extremely
rare inAsian people. The frequency is higher in northern Europe
than in Italy and Greece. In the UK, about 1 in 8 people are car-
riers of the pC282Y mutation, and about 1 in 200 are homozy-
gous for thismutation. Homozygosity is strongly associatedwith
HH, with about 90% of patients with genetic iron overload hav-
ing this genotype in northern Europe and about 60% in southern
Europe. The HH gene may have increased in frequency because
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Table 4.1 Causes of iron overload.

Severe iron overload (>5 g excess)

Excess iron absorption
Hereditary haemochromatosis
Massive ineffective erythropoiesis (e.g. β-thalassaemia
intermedia, sideroblastic anaemia, congenital
dyserythropoietic anaemia)

Increased iron intake
Sub-Saharan dietary iron overload (in combination with a
genetic determinant of increased absorption)

Excess parenteral iron therapy

Repeated red cell transfusions
Congenital anaemias (e.g. β-thalassaemia major, sickle cell
anaemia, red cell aplasia)

Acquired refractory anaemias (e.g. myelodysplasia, aplastic
anaemia)

of a selective advantage for heterozygotes, protection against
iron deficiency anaemia. Homozygotes would be unlikely to suf-
fer the effects of iron overload before reproducing.
The pH63D mutation is found throughout the world with a

mean allele frequency of 15%.A small proportion ofHHpatients
are compound heterozygotes for the pC282Y and pH63Dmuta-
tions. Other HFE gene mutations associated with iron accumu-
lation have been described, mostly in individual families.
That HFE was the HH gene was confirmed by the demon-

stration that HFE knockout mice and mice homozygous for the
pC282Y mutation develop iron overload. In addition, tissue-
specific inactivation of HFE protein in hepatocytes, but not in
duodenal cells or macrophages, leads to iron overload, indicat-
ing a specific function of HFE in the liver. The more recent
model of the pathophysiology of the disease suggests that HFE
competes with diferric transferrin for TFR1 binding and that
when diferric transferrin binds TFR1, HFE binds TFR2, thus

forming a complex that activates hepcidin synthesis (Chapter 3).
Low serum hepcidin explains the findings in the early stages of
HH: increased iron absorption, a raised serum iron and trans-
ferrin saturation, iron accumulation in hepatocytes with a peri-
portal distribution and a paucity of iron in macrophages.

Iron parameters and clinical status of patients
with HFE mutations
Transferrin saturation and serum ferritin are significantly higher
in pC282Y/pC282Y subjects than in other genotypes. Increased
levels of iron parameters are present in 75–100% of males and
40–60% of females in different studies. In population surveys
slightly, but significantly, higher values for serum iron and trans-
ferrin saturation have been found in heterozygotes for either
pC282Y or pH63D compared with subjects lacking these muta-
tions. The differences in serum ferritin levels are small and
not significant, except in rare cases where mutations in other
genes involved in iron metabolism may be present. In com-
pound heterozygotes, and those homozygous for pH63D, sig-
nificant iron accumulation is rare and liver fibrosis exceptional.
The frequency of homozygosity or heterozygosity for pC282Y
or pH63D mutations is not increased in patients with arthritis,
diabetes and heart disease.
In pC282Y homozygotes, there is a gradual accumulation of

iron, leading to tissue damage, which may present as cirrhosis
of the liver, diabetes, hypogonadism, cardiomyopathy, arthritis
and a slate-grey skin (melanin) pigmentation. Only the most
severe forms develop cardiac involvement that in the early stages
is characterized by diastolic dysfunction and arrhythmias, in
the later stages by dilated cardiomyopathy. Hepatocellular carci-
nomamay develop up to 25% of established cases with cirrhosis.
Most patients present between the ages of 40 and 60 years, but
the clinical penetrance is low. Menstrual losses and pregnancies
account for a generally delayed onset in women. Full phenotypic
expression of the disorder is dependent on other factors, includ-
ing dietary iron intake, blood donations or blood loss, and other
genetic factorsmodifying the genotype. Alcohol is a definite risk

Table 4.2 Classification of hereditary haemochromatosis.

Type Gene Inheritance and phenotype Severity Incidence

1 HFE AR, parenchymal iron overload Highly variable Common
2 (juvenile) Hemojuvelin (HFE2) AR, parenchymal iron overload Severe Rare

Hepcidin (HAMP) AR, parenchymal iron overload Severe Rare
3 TFR2 AR, parenchymal iron overload Variable Rare
4a Ferroportin (SLC11A3) AD, RE iron Variable Rare
4b SLC11A3 (mutations in

binding site for hepcidin)
AD, parenchymal iron overload Severe Rare

AD, autosomal dominant; AR, autosomal recessive; RE, reticuloendothelial.
For gene symbols see Table 3.1.
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factor for the development of cirrhosis in patients homozygous
for pC282Y.
Subjects homozygous for HFE pC282Y compared with con-

trol subjects with normal HFE genotype have shown the same
frequencies of haemochromatosis symptoms and complica-
tions such as lethargy, arthralgia and diabetes. There is, how-
ever, a small but significant increase in subjects with either
raised serum transaminases or fibrosis/cirrhosis in the pC282Y
homozygous group. Homozygosity for pC282Y is more frequent
in patients with cirrhosis and hepatoma than in the general
population. The relative risk for hepatocellular carcinoma in
cirrhotic patients with HH is approximately 20, with an annual
incidence of 3–4%. Monitoring the serum α-fetoprotein is
needed in both untreated and treated cases.
There is evidence that ferritin concentration above 1000 μg/L

is a risk factor for liver fibrosis with a prevalence of 20–45%. A
serum ferritin level >1000 μg/L has 100% sensitivity and 70%
specificity for identification of cirrhosis. These patients should
undergo liver biopsy or magnetic resonance imaging (MRI)
and Fibroscan evaluation (see below) and complete cardiac and
endocrinological evaluation. The ferritin cut-off might be lower
in the presence of cofactors for liver disease such as alcohol. Only
about 50% of homozygous women have raised transferrin satu-
ration, and progression through iron accumulation and tissue
damage is usually, but not always, slower.
Population surveys have shown that less than 5% of subjects

homozygous for pC282Y ever receive a diagnosis of HH. Most
men who are homozygous for pC282Y will have a raised trans-
ferrin saturation before the age of 30 years; a proportion will
have an elevated serum ferritin concentration, but only a minor-
ity will eventually develop fibrosis and cirrhosis of the liver.
Studies in Australia and Norway found that 5% of homozygote
males, but no females, showed cirrhosis. Time-dependent fer-
ritin increase is slow.

Clinical and laboratory diagnosis
Although the biochemical penetrance of pC282Y homozygosity
is substantial (about 70%), the disease penetrance is significantly
lower (about 25%) among men and (1%) among women.
The variety of clinical presentations and their lack of speci-

ficity for HH mean that a high degree of clinical suspicion is
needed. Fatigue, abdominal pain, diabetes mellitus, signs and
symptoms of gonadal failure and arthritis may be present for
several years before the diagnosis is made. Arthritis particu-
larly affects the second and third metacarpophalangeal joints
(Figure 4.1), and destructive arthropathy of hip and knee joints
occurs in 10% of patients. There is chondrocalcinosis with
pyrophosphate deposition in the joints. Abdominal pain may
result from hepatic enlargement or hepatocellular carcinoma.
Grey skin pigmentation results from excess melanin deposition.
In asymptomatic subjects, iron accumulation is indicated by a

raised transferrin saturation (>45%). Most men and about 50%
of women who are homozygous for HFE pC282Y will have a

Figure 4.1 Radiograph of hand: patient with haemochromatosis
showing loss of joint space and erosion of cartilage at the
metacarpophalangeal joints (arrow).

raised transferrin saturation. As iron accumulates, the serum
ferritin concentration rises, and values in excess of 200 μg/L
(women) and 300 μg/L (men) suggest iron overload. Serum fer-
ritin concentrations largely reflect iron turnover in phagocytic
cells and do not provide an early indication of iron accumu-
lation in liver parenchymal cells. Thus, measurement of trans-
ferrin saturation is essential for early detection of iron loading.
However, in patients with infection, inflammation or malig-
nancy or in those undergoing surgery, transferrin saturation
may be depressed and the serum ferritin concentration ele-
vated. Inmost cases,HFE genotyping will confirm the diagnosis
of HH.
Testing adult first-degree relatives of a pC282Y homozygous

patientmay identify subjects homozygous forHFE pC282Ywith
normal serum ferritin concentration and without evidence of
liver disease: they should have transferrin saturation and serum
ferritin measured at yearly intervals. Compound heterozygotes
are at lesser risk of iron overload, but should also be tested by
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measuring iron parameters. Widespread population screening
by iron status or genetic testing is considered unwarranted as
the level of risk for a pC282Y homozygote developing iron over-
load appears to be low. Screening in high-risk populations needs
further studies.

Associations with other conditions
The pC282Y mutation is relatively common (see above); het-
erozygosity, and even homozygosity, may occur with other
haematological conditions, including inherited sideroblastic
anaemia, β-thalassaemia trait or other haemolytic anaemias and
aggravate a tendency to iron load. The mutation may worsen
liver disease in conjunction with hepatitis C infection, alcohol
and non-alcoholic fatty liver disease. Porphyria cutanea tarda,
which may be associated with iron overload, an important trig-
ger of disease manifestations, is discussed in Chapter 3.
The HFE pC282Y mutation was identified in multiple

genome-wide association studies for quantitative loci as erythro-
cyte and iron traits, blood pressure, HbA1C levels in diabetics
and others, likely through indirect effects or due to the associa-
tion of the gene with the HLA complex.

Body iron quantitation
Liver iron concentration is a good estimate of total body iron.
Liver iron can be measured on a dried fragment of liver biopsy.
The normal ranges are 0.17–1.8 mg/g dry weight. Values in
excess of 3.0 mg/g dry weight indicate iron overload. Since
the advent of genetic testing, liver biopsy is not usually per-
formed. Iron quantitation in liver, heart and other organs is
performed by non-invasive methods, mainly MRI techniques
(see p. 47).
In patients homozygous for pC282Y with evidence of liver

disease, hepatomegaly, increased transaminases and serum
ferritin concentration >1000 μg/L, liver biopsy may be advis-
able to assess tissue damage. The biopsy reveals the hepato-
cyte iron accumulation with typical periportal predominance
(Figure 4.2a). Fibroscan, a non-invasive technique valuable to
assess and monitor liver fibrosis, is increasingly used instead
of liver biopsy. In patients with an unexplained raised trans-
ferrin saturation and serum ferritin, who are not homozygous
for pC282Y, a liver biopsy may be required to identify the dif-
ferent pattern of iron overload and to determine subsequent
diagnostic tests.
The amount of iron removed to reach iron depletion can be

calculated (see Treatment) and provides a good estimate of total
body iron. The amount of iron removed at each venesection is
calculated by weighing the blood bag before and after venesec-
tion (density of blood is 1.05 g/mL) and assuming that 450 mLof
blood (haemoglobin concentration 13.5 g/dL) contains approx-
imately 200 mg of iron. Iron absorption should be allowed for
at the rate of 3 mg daily (20 mg/week). With these assumptions,
25 weekly venesections will remove 4.5 g of iron. The amount

(a)

(b)

Figure 4.2 Liver histology (Perls’ stain). (a) Liver biopsy from a
patient with Type 1 haemochromatosis, showing staining
predominantly in parenchymal cells. (b) Liver biopsy from a
patient with Type 4a haemochromatosis, showing iron staining
predominantly in Kupffer cells.

of storage iron measured by the technique in normal adults has
been shown to be about 750 mg in men and 250 mg in women.

Treatment
Although no randomized controlled trial is available to com-
pare phlebotomy versus no phlebotomy in the treatment of HH,
retrospective studies show that removal of excess iron by reg-
ular phlebotomy greatly reduces the morbidity and mortality
from cardiac and hepatic failure. However, hepatocellular car-
cinoma accounts for a substantial proportion of deaths in those
with established cirrhosis. Early diagnosis is therefore a priority,
as patients identified and treated before the onset of cirrhosis
and/or diabetes have a normal life expectancy.
Since no test is available to identify those patients who will

progress to fibrosis and those who will not, the present recom-
mendation is to phlebotomize all patients with evidence of iron
overload. No evidence-based guidelines for HH treatment by
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Target population

Serum transferrin saturation and ferritin

TS < 45% and
normal ferritin

TS ≥ 45% and
ferritin > r.v.*

No further
evaluation

*r.v. = reference values: ≤200 μg/L (females) ≤300 μg/L (males)

± +

pC282Y/pH63D,
pC282Y/WT

or non-pC282Y

Exclude other liver or
haematologic diseases

± liver biopsy
(or MRI and fibroscan)

pC282Y/pC282Y

Ferritin > r.v.
and <1000 μg/L

and normal
liver enzymes

Ferritin 
>1000 μg/L 
or elevated

liver enzymes

Therapeutic
phlebotomy

Liver biopsy
(or MRI and
fibroscan)

HFE phenotype

Figure 4.3 Algorithm for haemochromatosis diagnosis and
treatment. The scheme is modified from the recommendations of
the American Association for the Study of Liver Diseases
(AASLD). TS = transferrin saturation. MRI =magnetic resonance
imaging.

phlebotomy are available. Treatment is conventionally initiated
when serum ferritin levels exceed the normal range. An algo-
rithm for diagnosis and treatment of the disease based on the
recommendations of the American Association for the Study of
Liver Diseases is shown in Figure 4.3.
Phlebotomy should be at a rate of 400–450 mL of blood

each week and is performed until iron depletion is reached
(a target serum ferritin <50–100 μg/L is conventionally used).
Haemoglobin levels should be measured weekly and the rate of
venesection reduced if anaemia develops. Serum ferritin should
be monitored monthly. Weekly phlebotomy will need to be con-
tinued to remove total iron excess, which is usually greater than
5 g in established symptomatic disease, but may be>20 g.When
iron stores are exhausted, the frequency of phlebotomy should
be reduced to two to four units each year, to continue indefi-
nitely. The aim is to prevent re-accumulation of iron by main-
taining a serum ferritin in the normal range (50–100 μg/L).
Fatigue, abdominal pain, transaminase elevation, mild fibro-
sis and skin pigmentation usually reverse on venesection. In
some patients, diabetes mellitus, hypogonadism and arthralgia
improve, but cirrhosis and destructive arthritis are irreversible.
Early cardiac disease may respond to phlebotomy, while severe
cardiomyopathy requires iron chelation (see p. 48). Patients with
end-stage liver disease and HCC may undergo orthotopic liver

transplantation, after iron depletion. Post-transplantation sur-
vival rates in untreated patients are reduced compared with
those of non-iron-loaded patients due to iron toxicity and infec-
tious complications.
No diet recommendation is needed except limiting alcohol

intake and avoiding raw shellfish for possible infectionwithVib-
rio vulnificus, which is a particular risk in iron-loaded patients.
Iron chelation with subcutaneous desferrioxamine (DFO)

(see below) may be used in patients who do not tolerate phle-
botomy or have concomitant anaemia. DFO given as a contin-
uous intravenous infusion with or without an oral iron chela-
tor (see below) may have a role in the short-term management
of patients with life-threatening cardiac failure. Oral iron chela-
tors such as deferasirox at low dose are likely to be used for
selected patients in the future. Targeting the hepcidin pathway to
increase hepcidin production ameliorates iron overload in pre-
clinical models of the disease.

Non-HFE haemochromatosis

NonHFEHH is a clinical definition applied to all the other types
of HH (Table 4.2). These forms are all rare, accounting for <5%
of all cases. In juvenile HH, clinical symptoms appear in the sec-
ond and third decades of life. The disease can be due either to
hemojuvelinmutations, that strongly decrease hepcidin produc-
tion (seeChapter 3), or,more rarely, tomutations in the hepcidin
(HAMP) gene. In both cases iron absorption is greater than in
HFEHHand iron deposition occurs not only in the hepatocytes,
but also in cardiac myocytes, pancreas and pituitary; symptoms
of cardiomyopathy, diabetes and hypogonadism are prominent
(Table 4.2). HH Type 3 is phenotypically similar to HFE HH,
although it may present at an earlier age. It is due to mutations
in the gene for transferrin receptor 2 (TFR2) (Table 4.2). All
types of HH except Type 4 (Table 4.2) are recessive and char-
acterized by low hepcidin secretion, the defect being the most
severe in juvenile HH. Mutations in all of the genes of non-HFE
HH (hemojuvelin, hepcidin, transferrin receptor 2, and ferro-
portin) have been found in rare patients from the Asia-Pacific
region.
HH Type 4 is inherited as an autosomal dominant trait due

to heterozygous missense mutations in the gene for the iron
exporter ferroportin. All patients have increased serum fer-
ritin levels, but some have normal transferrin saturation and a
mixed pattern of iron accumulation, both in hepatocytes and
macrophages. In the typical form (Type 4a, see Table 4.2), so-
called ferroportin disease, due to loss-of-function ferroportins
that are unable to target correctly the cell surface and so export
iron from macrophages, the phenotype differs from HH and is
similar to that found in the anaemia of chronic disease, with iron
accumulation predominantly in the macrophages (Figure 4.2b)
and normal or low transferrin saturation. In the rare Type 4b
with mutations occurring in the binding site of ferroportin for
hepcidin, gain-of-function ferroportins reach the cell surface,
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but are resistant to the effect of hepcidin, causing increased iron
export to plasma, saturation of transferrin and iron deposition
in hepatocytes similar to HFE HH.
Genetic testing is required for diagnosis of non-HFE HH.

Phlebotomy is indicated as in pC282Yhomozygotes (Figure 4.3).
Tolerance to phlebotomy should be carefully monitored and
intensive regimens are not indicated in ferroportin disease (Type
4a in Table 4.2). Patients with juvenile forms of HH presenting
with life-threatening cardiac failure should be treated with com-
bination of iron chelators (see below).

Other causes of iron overload

Neonatal haemochromatosis
This is a condition that is recognized at birth, but may occur
in utero. It is characterized by heavy parenchymal iron deposi-
tion in several organs and irreversible liver failure. Nomutations
in the known HH genes have been reported and a genetic cause
has been more recently doubted in favour of an immunological
pathogenesis, but heterogeneous causes cannot be ruled out. It
has been proposed that the disease is due to an alloantibody, but
the target antigen is unknown. Infusions of γ-globulin in preg-
nancy appear to reduce the severity of the condition. The other
therapeutic option is liver transplantation.

African iron overload
African iron overload, a condition that occurs in sub-Saharan
Africa (Bantu siderosis), results from the combination of a
dietary component (a traditional beer that contains iron) and
an unknown susceptibility gene unrelated to HFE. Iron depo-
sition is of mixed type and occurs in both hepatocytes and
macrophages and may lead to hepatic fibrosis and cirrhosis.
Serum ferritin is usually elevated, but transferrin saturationmay
be normal. The iron overload is associated with a poor outcome
in patients who also have tuberculosis, an infection that is highly
prevalent in sub-Saharan Africa. A pGln248His mutation in fer-
roportin, a common variant that may be associated with a sus-
ceptibility to iron loading and mild anaemia has been reported
in people of African origin.

Atransferrinaemia
This is a rare recessive genetic disorder associated with a severe
hypochromic anaemia with, in some cases, excessive deposi-
tion of non-transferrin-bound iron (NTBI) in the parenchymal
cells. In all cases tested, some iron-transferrin has been detected
by iron-binding ability or immunologically, defining a type of
hypotransferrinaemia. Complete absence of transferrin would
presumably lead to fetal death. Treatment is based on plasma or
transferrin infusions.

Chronic liver diseases
Moderate iron overload limited to the liver can be found in
various chronic viral or metabolic liver diseases in the con-
text of alcohol abuse, necro-inflammatory processes and in the

so-called metabolic syndrome. Often these conditions are char-
acterized by increased serum ferritin, but normal transferrin
saturation and slightly increased hepcidin in the context of an
inflammatory process.

Hereditary hyperferritinaemia-cataract
syndrome
This condition is characterized by isolated hyperferritinaemia
not associated with iron overload, early-onset bilateral cataracts
and normal or low serum iron and transferrin saturation. It is
usually due to heterozygous point mutations in the L-ferritin
iron-responsive element so that a monoclonal ferritin is synthe-
sized due to impaired negative feedback of ferritin synthesis. The
mutation is in the gene promoter and constitutively increases
gene transcription.High ferritin accumulates in the lens, causing
cataracts.

Iron and neurodegeneration:
Acaeruloplasminaemia
This is a rare recessive disorder in which there is a deficiency of
ferroxidase activity as a consequence of mutations in the caeru-
loplasmin gene (Chapter 3). Clinically, the condition presents
in middle age, with progressive degeneration of the retina and
basal ganglia and with diabetes mellitus. Iron accumulates in
the liver, pancreas and brain, with smaller amounts in the heart,
kidneys, thyroid, spleen and retina. The serum iron is low and
mild anaemia may be present. The total iron-binding capacity
of transferrin (TIBC) is normal and ferritin is normal or raised.
Unfortunately, no effective treatment is available to reduce
neurodegeneration.
Acaeruloplasminaemia belongs to the group of rare genetic

disorders that are classified as neurodegeneration with brain
iron accumulation (NIBIA). In these conditions, as well as in
Friederich ataxia and Parkinson disease, iron accumulationmay
be found in specific areas of the brain, irrespective of systemic
iron. The therapeutic potential of low-dose iron chelation with
deferiprone is being explored in prospective double-blind pilot
clinical trials.

Iron-loading anaemias

In different forms of anaemia, iron overload occurs when
iron intake is increased over a sustained period of time.
This may be due either to red blood cell transfusions, as
in thalassaemia major or transfusion-dependent thalassaemia
(TDT), or to increased iron absorption through the gastro-
intestinal (GI) tract, because of inhibition of hepcidin synthesis
by proteins released from erythroblasts (Chapter 3), as in non-
transfusion-dependent thalassaemia (NTDT). Secondary iron
overload may occur in patients transfused for other forms of
inherited and acquired anaemias. It may be present in patients
after successful allogeneic bone marrow or HSC transplantation
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Table 4.3 Characteristics of desferrioxamine, deferiprone and deferasirox.

Desferrioxamine (DFO) Deferiprone (DFP) Deferasirox (DFX)

Structure Hexadentate Bidentate Tridentate
Molecular weight (Da) 560 139 373
Iron–chelator complex 1 : 1 1 : 3 1 : 2
Plasma clearance (t1/2 ) 20 min 1–3 hours 1–16 hours
Absorption Negligible Peak 45 min Peak 1–2.9 hours
Iron excretion Urine + faecal Urine Faecal
Therapeutic daily dose 40 mg/kg 75–100 mg/kg 20–30 mg/kg
Route Parenteral Oral Oral
Clinical experience >40 years >20 years >10 years
Side-effects Ototoxicity, retinal toxicity,

growth defects, cartilage
and bone abnormalities

Agranulocytosis, arthropathy,
gastrointestinal disturbance,
transient transaminitis, zinc
deficiency

Skin rashes, gastrointestinal
disturbance, rising serum
creatinine

for various haematological disorders, who have been heavily
transfused.
Iron chelation therapy is essential in patientswith transfusion-

dependent anaemia, to prevent death from iron overload,
usually caused by cardiac failure or arrhythmia. Red blood
cell requirements are about 160 mL/kg annually in non-
splenectomized and 120 mL/kg annually in splenectomized
TDT patients. The iron content of each transfusion is deter-
mined by volume (mL) × haematocrit × 1.16 mg. Intake of iron
ranges from 0.32 to 0.64 mg/kg body weight daily. Patients with
anaemias associated with increased iron absorption who are too
anaemic to be venesected to remove iron, may also require iron
chelation therapy.
The available iron-chelating drugs are: desferrioxamine

(DFO), which is given by slow subcutaneous or intravenous
infusion, deferiprone (DFP) and deferasirox (DFX), which are
orally active. Their iron binding properties, pharmacokinetics
and routes of elimination differ (Table 4.3).
Iron chelation therapy is monitored by:

1 tests of body iron burden;
2 tests of damage to the organs sensitive to iron overload
(Table 4.4);
3 tests to detect potential side-effects of the particular chelating
drug being used.

Tests of body iron burden

Serum ferritin
Serum ferritin generally relates to body iron stores and it is rel-
atively inexpensive and easily measured repeatedly. Serum fer-
ritin is useful in monitoring changes in body iron, although
measures do not always predict body iron or trends in body
iron accurately. This is partly because inflammation increases
serum ferritin, while other factors affect it, such as vitamin C

status, and partly because the distribution of liver iron between
macrophages (Kupffer cells) and hepatocytes has amajor impact
on plasma ferritin. A sudden increase in serum ferritin should
prompt a search for hepatitis, other infections, or inflammatory

Table 4.4 Monitoring for iron-induced organ damage.

Cardiac function
ECG ± exercise
24-hour monitoring
Echocardiography, MUGA ± stress test
Doppler echography, MRI

Liver structure and function
Liver function tests
Liver histology
Liver ultrasound
Fibroscan

Bone
Osteoporosis: bone density (Dexa scan)

Endocrine system
Diabetes: urine glucose, HbA1c, glucose tolerance test, IGF-1
Growth and sexual development: sitting and standing height,

Tanner staging, radiography for bone age, testosterone,
estradiol, LH, FSH, SHBG, pulsatile GnRH release, sperm
tests

Thyroid: T4, TSH
Parathyroid: calcium, phosphate, PTH

ECG, electrocardiogram; FSH, follicle-stimulating hormone; GnRH,
gonadotrophin-releasing hormone; HbA1c, glycated haemoglobin; IGF,
insulin-like growth factor; LH, luteinizing hormone; MRI, magnetic
resonance imaging; MUGA, multigated acquisition scan; PTH,
parathyroid hormone; SHBG, sex hormone-binding globulin; TSH,
thyroid-stimulating hormone.
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)d()c()a( (b)

Figure 4.4 Magnetic resonance imaging T2∗ technique. Tissue
appearances of liver and spleen: (a) normal; (b) tissue iron
overload; (c) severe liver iron overload with normal cardiac iron;
(d) severe cardiac iron deposition with minimal liver iron

deposition. White arrows point to normal tissue, grey arrows to
iron loaded tissue. Source (parts (c) and (d)): Anderson et al., 2001
[Eur Heart J 2001; 22: 2171–9]. Reproduced with permission of
Oxford University Press.

conditions. The Thalassaemia International Federation (TIF)
guidelines recommend maintaining the level below 1000 μg/L
in TDT.

Liver iron
Liver iron may be measured chemically after liver biopsy or by
MRI. Chemical estimation was the gold standard, but can be
inaccurate if fibrosis is present. Levels>7mg/g tissue dryweight,
and in non-transfusion-dependent anaemia>5mg/g dry weight
are almost always associated with organ damage, while levels
<3mg/g are not associated with clinical complication. Although
no clear guidelines are available with liver iron between
3–7 mg/g dry weight, the target of chelation therapy should be
to achieve a LIC <3 mg/g dry weight.
MRI techniques are being increasingly used as indirect mea-

sures of liver and cardiac iron (Figure 4.4). They have the advan-
tage of being non-invasive and are now widely available. MRI is
also the only practical method of performing sequential stud-
ies of iron in the liver and heart. Pituitary or other endocrine
organs may also be evaluated by MRI, but validation of the
software is still required. Different MRI techniques have been
used. They all rely on a shortening of relaxation time and thus
reduction in signal intensity with iron overload. The R2 or Fer-
riscan technique is convenient and reproducible for liver iron
over the range of clinical interest. The normal ranges of liver iron
content by Ferriscan are 0.17–1.8 mg/g dry weight. Gradient-
echo imaging with the calculation of the T2∗ is also applicable,
it has a short total imaging time, reducing movement artefacts.
It is also more sensitive and reproducible and the best technique
for the heart.

Cardiac iron
As cardiac failure or arrhythmia is the usual cause of death in
transfusional iron overload, it is essential to monitor cardiac
iron. Iron is deposited inmyocytes and interstitial fibrosis devel-
ops. Direct measurement of cardiac iron by endomyocardial
biopsy is inappropriate and inaccurate.

T2∗ cardiovascular magnetic resonance offers a reproducible
(around 5% coefficient of variation between different observers
or between two studies of the samepatient), sensitive, albeit indi-
rectmeasure: the lower theT2∗ value, the greater the cardiac iron
(Figure 4.5). Themajority of patients with T2∗ >20ms have nor-
mal left ventricular (LV) function.
A T2∗ <20ms correlates with the presence of cardiac dysfunc-

tion detected by echocardiography (left and right ventricles) or
by 24-hour rhythm monitoring or the need for cardiac therapy
(Figure 4.5). Most patients who develop cardiac failure have T2∗

<10 ms. The risk of developing heart failure increases with T2∗

values <10 ms, which is associated with 160-fold increased risk
of heart failure in the next 12 months without adequate chela-
tion. This riskmay be substantially less in patients taking regular
chelation (see below).
Poor correlation has been found betweenmyocardial iron and

liver iron (MRI derived) or serum ferritin in patients receiving
iron chelation; thus liver iron and serum ferritin cannot be used
as surrogate measures of cardiac iron in these patients.
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Figure 4.5 Relationships of myocardial T2∗ and left ventricular
ejection fraction in patients with thalassaemia major and iron
overload. Source: Anderson et al., 2001 [Eur Heart J 2001; 22:
2171–9]. Reproduced with permission of Oxford University Press.
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Urine iron excretion
Iron excretion after a single infusion of a standard dose of DFO
or an oral dose of DFP is related to body iron. Urine iron is
derived from the labile iron pool chelated mainly extracellularly
with DFO and probably intracellularly with DFP. About half of
total iron is excreted in urine by DFO or over 80% by DFP.With
DFO (but not DFP), urine iron excretion is increased by ascor-
bate and is proportionately higher if the haemoglobin is lower.
The test is useful when commencing therapy with DFO or DFP,
with which iron excretion is highly dose related, and for moni-
toring therapy, in some studies correlating closely with liver and
cardiac iron. However, several estimationsmust be performed at
any given dose in view of the variability found.

Non-transferrin-bound iron (NTBI)
This is present in plasma in patients with gross iron overload
and high transferrin saturation. It is highly toxic, promoting the
formation of free radicals that cause peroxidation of membrane
lipids. Part of the early improvement in liver and cardiac func-
tion with chelation therapy may be due to removal of this frac-
tion, even before iron burden is substantially lowered. Its clear-
ance byDFO is short-lived as it reappears in plasmawithin hours
of stopping an infusion. DFX, with its long clearance time, pro-
vides 24-hour removal of NTBI after a single oral dose. DFP
removes NTBI for about 3 hours after a single dose. NTBI is
absent from plasma of well-chelated patients.

Tests for organ damage
The tests that are usually needed are listed in Table 4.4. Heart
function is best tested by measurement of left ventricular ejec-
tion fraction (LVEF) by echocardiography or byMRI andby tests
for rhythm disturbance. Liver function assessment requires rou-
tine liver function tests, as well as liver biopsy to assess liver
structure, particularly in the presence of chronic viral hepati-
tis C. When MRI is available to measure the liver iron concen-
tration, abdominal ultrasound and Fibroscan may be used to
avoid liver biopsy. α-Fetoprotein should be tested regularly in
patients with cirrhosis. The endocrine system is also damaged
by iron and appropriate tests are listed in Table 4.4. The ante-
rior pituitary is particularly sensitive, with damage resulting in
reduced growth and impaired sexual maturation. Direct damage
to the ovaries or testes may also occur, but is usually less impor-
tant. Hypogonadic hypogonadism, defects of growth hormone
secretion and its receptor, and deficiency of insulin-like growth
factor mainly account for growth failure; DFO may also cause
this. Diabetes mellitus and prediabetes, due to iron deposition
in the pancreatic islets, are frequent, especially in patients with
genetic susceptibility. Hypothyroidism and hypoparathyroidism
are also common in poorly chelated patients. Osteoporosis
is well recognized in iron-overloaded thalassaemia patients;
it is due to multiple factors and is detected by bone density
studies.

Iron chelation therapy

The available iron chelating drugs are DFO, DFP and DFX.
Other drugs are currently under development.

Desferrioxamine (DFO)
Pharmacokinetics
DFO is not absorbed orally, and after parenteral injection
is rapidly cleared from the plasma, being excreted in the
urine, taken up by hepatocytes or metabolized in the tissues
(Table 4.3). This accounts for the much greater mobilization
of iron by continuous intravenous or slow subcutaneous infu-
sions, which allow more prolonged exposure of the drug to the
chelatable iron than with intramuscular injection. It is a trihy-
droxamic acid (hexadendate), one molecule binding covalently
to all six oxygen sites on one ferric ion to form the red chelate,
ferrioxamine which is excreted in urine and bile. Faecal iron is
derived from hepatocytes. Urine iron also derives, at least partly,
from hepatocytes, although other body sources, especially iron
released from macrophages, contribute. Urinary iron excretion
tends to level off at higher doses, but this does not occur with
bile excretion so bile iron may predominate at high doses, and
this is also the major route of excretion when total body iron has
been reduced to relatively low levels. Increased erythropoiesis, as
in haemolytic anaemias, is associated with an increase in urine
iron excretion in relation to body iron stores.

Clinical studies
DFO was the first chelator used and shown to reduce complica-
tions and improve survival in TDT. Its main disadvantage is that
it must be administered parenterally, which may often result in
non-compliance. The increased toxicity of DFO at low levels of
body iron means that guidelines have been conservative, gener-
ally recommending not starting therapy until serum ferritin lev-
els reach 1000 ng/mL after approximately 12 units of blood and
with care to avoid over-chelation, especially in children below
this serum ferritin value.
Most studies have involved TDT, but patients with other

inherited anaemias (e.g. Diamond–Blackfan syndrome,
Fanconi anaemia, sickle cell anaemia, sideroblastic anaemia) or
acquired disorders (especially myelodysplasia, myelofibrosis,
red cell aplasia or aplastic anaemia) may require iron chelation
therapy. In these conditions, as well as in elderly patients with
acquired, transfusion-dependent, refractory anaemias and
otherwise good prognosis, DFO was sporadically used if iron
overload was likely to cause significant morbidity or mortality.
In children, tissue damage from iron may be present from very
early life; regular iron chelation should begin in TDT after
transfusion of about 12 units of blood or when serum ferritin
exceeds 1000 μg/L, but it should be started at 20 mg/kg to
prevent tissue damage due to iron without causing toxicity due
to excess DFO. A local anaesthetic cream (e.g. EMLA) reduces
pain from the needle insertion. Oral chelation in preference to
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DFO is often chosen by patients or their parents. The standard
adult dose of DFO is 40 mg/kg administered subcutaneously
given as an 8–12 hour infusion on at least 5 days each week. It
is given intravenously at the time of blood transfusion only in
patients not complying with any type of chelation and grossly
iron overloaded. Vitamin C increases iron excretion by increas-
ing the availability of chelatable iron, but if given in excess may
increase the toxicity of iron. It is recommended not to give more
than 2–3 mg/kg/day taken at the time of DFO infusion. The
response to DFO chelation depends on the amount of blood
and consequently of iron being transfused. Regimes of up to
50 mg/kg daily and 7 days a week may be needed.
For those with iron-induced cardiomyopathy, continuous

intravenous DFO may be given via an indwelling catheter (e.g.
Hickman) or Port-a-Cath chamber. Removal of liver iron ismore
rapid than removal of cardiac iron with this intensive chelation
regimen. Combined therapy with DFP and DFX may also be
indicated if there is iron-induced cardiac disease.
Growth and pubertal development are improved in many, but

not all, patients; diabetes and other endocrine abnormalities still
occur frequently andMRI studies have shown that about a third
of TDT patients chelated with DFO have cardiac T2∗ values
<10 ms. Through lack of compliance with DFO, premature
deaths, usually from iron-induced cardiac damage may occur.
Combination therapy or orally active drugs are improving the
survival in these DFO failures.

Side-effects
These include rare generalized sensitivity reactions, local sore-
ness related to the site of injection (usually due to the needle
being inserted too superficially) and exacerbation of some infec-
tions, notably of the urinary tract and precipitation of Yersinia
enterocolitis. Auditory (high-tone sensorineural hearing loss)
and visual neurotoxicity (night blindness, visual field loss, retinal
pigmentation) are relatively frequent. Growth and bone defects
may also occur. The spine may be affected, with sitting height
reduced; rickets-like bone lesions, genu valgum and metaphy-
seal changes are described, especially in children.

Auditory, visual and growth side-effects of DFO occur mainly
if the body iron burden is low and doses of DFO high, particu-
larly in children. A therapeutic index can be calculated as fol-
lows: mean daily dose (mg/kg)/current serum ferritin (μg/L). If
this is below 0.025 at all times, these side-effects of DFO do not
occur.

Deferiprone (DFP)
Pharmacokinetics
Deferiprone (1,2-dimethyl-3-hydroxypyrid-4-one) is an orally
rapidly absorbed iron chelator, appearing in plasma within
15 min of ingestion (Table 4.3). The chelator–iron complex
is excreted with the free drug and glucuronide derivative in
urine. Its iron chelation site is inactivated by glucuronidation,
the speed of which varies from patient to patient. This explains
much of the individual variation in response. It is available
both as tablets (500 mg) and as a liquid formulation containing
100 mg/mL, which is particularly useful in children. DFP
mobilizes iron from parenchymal and reticuloendothelial pools
and from transferrin, ferritin and haemosiderin. Its enhanced
ability to cross cell membranes may underlie its superior
ability compared with DFO to protect the heart from iron and
also the ‘shuttle’ effect for iron when the two drugs are given
simultaneously (Figure 4.6). It crosses the blood–brain barrier
and has been used in trials to treat neurological conditions with
iron loading in the brain.

Clinical studies
The usual dose used has been 75–100 mg/kg daily given as three
divided doses. There are numerous non-randomized cohort
studies demonstrating a lowering of serum ferritin at doses of
75 mg/kg/day administered in three doses. MRI studies suggest
that liver iron may generally be higher in patients treated with
DFP (75 mg/kg 7 days per week) compared with those treated
with DFO (40 mg/kg 5 days per week) or DFX (30 mg/kg daily).
In the liver, DFO has the advantage of facilitated transport into
cells by an activemechanism.DFP, on the other hand, has greater
penetration of myocardial cells. Retrospective and prospective
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Figure 4.6 The concept of combination therapy:
DFO, desferrioxamine; DFP, deferiprone; NTBI,
non-transferrin-bound iron.
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studies have shown, on the basis of T2∗ MRI measurement of
cardiac iron, echocardiography, clinical incidence of cardiac dis-
ease, need for cardiac therapy and survival, that DFP 75 mg/kg
is more effective than DFO at protecting the heart from iron-
induced cardiomyopathy in routine clinical practice.

Side-effects
The most severe is agranulocytosis (neutrophils <0.5 × 109/L
on two consecutive counts), with an estimated incidence of
around 0.5–1.0% (0.2–0.3 episodes per 100 patient-years). It
is most frequent in the first year of therapy. Lesser degrees of
neutropenia (0.5–1.5 × 109/L) are more frequent, around 3.5%,
occurring more frequently in non-splenectomized patients.
Agranulocytosis and neutropenia spontaneously recover when
the drug is immediately discontinued, usually within 4–28 days
(median duration 9 days), but occasionally are more prolonged.
Granulocyte colony-stimulating factor may produce a faster
recovery. The mechanism appears to be idiosyncratic, more
common in females, with no definite evidence of an immune
mechanism established. Patients should be monitored by blood
counts every week for at least the first 12 weeks of therapy and
every 2 weeks thereafter for 2 years. Agranulocytosis may be
more frequent in patients with Diamond–Blackfan syndrome.
Deferasirox is safer for this disease and preferable for other con-
ditions such as aplastic anaemia and myelodysplasia with pre-
existing neutropenia.
Painful joints, especially the knees, occur in around 5–10%

in most large series. The incidence has been highest in Indian
patients. Some but not all studies show that this complication
is most frequent in the most iron-loaded patients and with
higher doses of DFP. It usually, but not invariably, resolves
with withdrawal of the drug and it is often possible to rein-
troduce the drug, commencing with lower doses. About 2.0%
of patients permanently discontinue therapy because of joint
symptoms.
GI side-effects (e.g. nausea and abdominal pain) occur in

about 30% of patients in the first year but decrease to 3% in sub-
sequent years. In most, the drug can be reintroduced long term,
initially at a lower dose. The liquid preparation appears to pro-
duce fewer GI symptoms. Zinc deficiency has been described in
diabetic and prediabetic patients. Rarely, it can lead to clinical
features, such as skin rashes and hair loss. It is easily treated by
oral zinc therapy. Transient increases in liver enzymes have been
associated with DFP therapy in about 7% of patients and about
1% of patients have been withdrawn from therapy because of a
persistent rise in liver enzyme levels. There have been no reports
of renal, cardiac or neurological side-effects. Embryo toxic-
ity and teratogenicity have been reported in non-iron-loaded
animals treated with deferiprone. Women of childbearing age
should be counselled to avoid the drug or use contraception, but
a few uneventful pregnancies with healthy newborns have been
reported.

DFO and DFP combination therapy
Urine iron excretion when DFO and DFP are given simultane-
ously is equivalent to or greater than the sum of the excretion
when the drugs are given on separate days. There is evidence
for a ‘shuttle’ effect in which DFP enters cells, chelates iron
and then returns to plasma, where the iron is transferred to
DFO for excretion in urine or bile and DFP may re-enter cells
(Figure 4.6). All studies of combination therapy, for example
DFP on 7 days a week and DFO on 2 days, have shown a
significant fall in serum ferritin and improvement in cardiac
and liver iron over 6–18 months. It has been associated with
improved survival and reversal of endocrinological complica-
tions including diabetes, hypothyroidism and hypogonadism.
The combination has also proved successful in reversing severe
myocardial siderosis. Alternating therapy has also been prac-
tised, for example 4 or 5 days of DFP and 2 or 3 days of DFO
each week, with improved compliance and improved iron status
in previously poorly compliant (with DFO) children or adults.

Deferasirox (DFX)
Pharmacokinetics
Deferasirox (DFX), 4-[3,5-bis(2-hydroxyphenyl)-1,2,4-triazol-
1-yl]benzoic acid, is an oral tridentate chelator forming a 2:1
chelator–iron complex and increases predominantly faecal iron
excretion. After a single oral dose, only 6% of iron excre-
tion occurs in the urine (see Table 4.3). It is highly selective
for iron. Peak plasma concentration after a single oral dose
occurs at about 2 hours, and the drug is still detectable in
plasma in almost all patients at 24 hours, with a mean elim-
ination half-life of between 11 and 19 hours after multiple-
dose administration. The single daily dose ranges from 20 to
40 mg/kg.

Clinical studies
DFX has been shown to be effective at eliminating NTBI in
plasma and reducing serum ferritin and liver iron in heav-
ily iron-loaded patients. The effect is dependent on dose and
on transfusion requirements of the patient. The drug has been
shown to be safe and effective in children as young as 2 years.
The starting dose in children is 20 mg/kg daily with subsequent
dose adjustments. In adults 30–40 mg/kg daily may be required,
according to iron stores. Trials lasting for up to 5 years on chil-
dren and adults have not shown any progressive renal, hepatic
or bone marrow dysfunction and there are no reports of DFX
having negative impact on growth or sexual development.
Emerging data suggest that DFX is effective at removing car-

diac iron and preventing cardiac siderosis in TDT. It has also
been shown to maintain or reduce iron overload in transfusion-
dependent patients with myelodysplasia, Diamond–Blackfan
anaemia and aplastic anaemia and in iron-loaded sickle cell
anaemia patients. Adverse effects in these groups appear simi-
lar to those with TDT. The use of DFX is also being explored in
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HH, chronic hepatitis C infection, porphyria cutanea tarda and
mucormycosis.

Side-effects
The most common adverse effects have been abdominal pain,
nausea, diarrhoea, vomiting and skin rashes. These decrease in
frequency annually. They usually respond to dose adjustments,
taking the drug in the evening or adding products such as Lac-
taid to the diet. Non-progressive increases in serum creatinine
(defined as a rise above the mean pretreatment measurement
by more than 33% on two consecutive tests) occur in about
one-third of patients. These increases are dose-dependent and
resolve spontaneously. Serum creatinine should be measured in
duplicate before therapy and then monthly, with significantly
increased levels managed by dose reduction or interruptions.

DFX and DFO combination therapy
Experience with this drug combination is relatively limited com-
pared with that of DFO and DFP. Recent prospective studies of
combined DFO and DFX therapy in patients with cardiac iron
loading show it is effective at lowering cardiac iron and improv-
ing cardiac function as well as LIC in a follow-up of 2 years.
No patients with severe myocardial iron loading (T2∗ values
<10 ms) developed heart failure over a 2-year period while tak-
ing DFO and DFX combination.

Non-transfusion-dependent thalassaemia
(NTDT)

Non-transfusion-dependent thalassaemia (NTDT) includes
anaemic thalassaemic patients (Hb levels between 70 and
100 g/L) who do not require regular transfusion for survival,
as the various genetic forms of β-thalassaemia intermedia,
haemoglobin H disease and mild/moderate forms of HbE/
β-thalassemia (Chapter 6). For these patients, who are not
transfusion-dependent or only need a few transfusions each
year, iron loading occurs mainly through increased iron absorp-
tion due to hepcidin suppression. Since venesection is not
applicable in most cases because of the severity of the anaemia
and danger of increasing bone marrow expansion and bone
deformities, DFO has been occasionally used in the past. A
recent randomized clinical trial using the oral iron chelator DFX
has been shown to be effective in ‘de-ironing’ such patients,
potentially reducing serum ferritin and liver iron to normal.
Liver iron concentration should be targeted to below 5 mg/g
dry weight to avoid iron toxicity related complications. It has
been shown that in NTDT a serum ferritin level of 300 μg/L
corresponds to approximately 3.0mg LIC, while a serum ferritin
level of 800 μg/L corresponds with a level of 5 mg/dry weight.
A rise in haemoglobin level may occur in iron-chelated

patients with NTDT. This may be due to removal of iron
from the renal oxygen sensor, augmenting the effect of hypoxia
and increasing erythropoietin secretion from the kidney. The

rise in haemoglobin may also be a result of reducing ineffec-
tive erythropoiesis and haemolysis. Improved haemopoiesis has
also been described in low-risk myelodysplastic syndrome after
intensive iron chelation (Chapter 25).

Acute iron poisoning

Acute oral iron poisoning produces a severe necrotizing gastri-
tis and enteritis, followed by metabolic acidosis and, after a day
or two, cardiovascular collapse and evidence of liver damage.
DFO should be given parenterally. The instillation of 5 g into the
stomach after a 1% sodium bicarbonate gastric lavage (to reduce
further absorption) and an injection of 1–2 g intramuscularly
may be tried. If a large number of tablets have been taken, an
intravenous DFO infusion up to a maximum dose of 80 mg/kg
in 24 hours should be used.DFP andDFXhave not yet been used
in this setting.
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CHAPTER 5

5Megaloblastic anaemia
A Victor Hoffbrand
University College London, London, UK

Introduction

The megaloblastic anaemias are a group of disorders character-
ized by the distinctive morphological appearances of developing
erythroid cells in the bone marrow. The cause is usually defi-
ciency of either cobalamin (vitamin B12) or folate, but mega-
loblastic anaemia may arise because of inherited or acquired
abnormalities affecting the metabolism of these vitamins or
because of defects in DNA synthesis not related to cobalamin
or folate (Table 5.1).

Underlying basic science

Biochemical basis of megaloblastic anaemia

The common feature of all megaloblastic anaemias is a defect
in DNA synthesis that affects rapidly dividing cells in the bone
marrow and other tissues. All conditions that give rise to mega-
loblastic changes share in common a reduced rate of synthe-
sis or of polymerization of the four immediate precursors of
DNA: the deoxyribonucleoside triphosphates (Figure 5.1). In
deficiencies of either folate or cobalamin there is a failure to
convert deoxyuridine monophosphate (dUMP) to deoxythymi-
dine monophosphate (dTMP). The coenzyme 5,10-methylene
tetrahydrofolate polyglutamate is needed for this reaction and
the availability of this co-enzyme is reduced in either deficiency
(see further on).
The reduced supply of deoxythymidine triphosphate (dTTP)

in megaloblastic anaemia due to folate or cobalamin deficiency
slows elongation and ligation of newly originated replicating
segments of DNA at multiple sites of origin during cell mitosis.

Thus, small DNA fragments accumulate, single-stranded areas
become points of weakness where mechanical or enzymatic
breakage may occur, and the failure to form bulk DNA impairs
contraction of newly replicated lengths of DNA, leaving the
chromosomes elongated, despirillated and with random breaks.
Late-replicating DNA is particularly affected and some cells
become arrested at this stage and die by apoptosis. An alterna-
tive hypothesis for megaloblastic anaemia in cobalamin or folate
deficiency is themisincorporation of uracil intoDNAbecause of
a build-up of deoxyuridine triphosphate (dUTP) at the replica-
tion fork as a consequence of the block in conversion of dUMP
to dTMP (Figure 5.1). Data on this hypothesis are conflicting.
It does not explain megaloblastic anaemia due to defects of
DNA synthesis at sites other than at thymidylate synthesis, for
example with drugs such as hydroxycarbamide (hydroxyurea),
cytosine arabinoside or 6-mercaptopurine, or with enzyme
deficiencies such as orotic aciduria or thiamine-responsive
megaloblastic anaemia (see further on).

Cobalamin–folate relationship

Folate is required for many other reactions in mammalian
tissues, including two in purine synthesis (Table 5.2), but
impairment of these is far less important clinically. Only two
reactions in the body are known to require cobalamin (Fig-
ure 5.2). Methylmalonyl-CoA isomerization, which requires
deoxyadenosyl(ado)-cobalamin, is discussed later.
The methylation of homocysteine to methionine requires

both 5-methyltetrahydrofolate (methyl-THF) as methyl donor
and methylcobalamin as co-enzyme (Figures 5.1, 5.3). This
reaction, which is almost completely irreversible, is the first
step in the pathway by which methyl-THF, which enters bone
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Table 5.1 Causes of megaloblastic anaemia.

Cobalamin deficiency or abnormalities of cobalamin
metabolism (Table 5.4)

Folate deficiency or abnormalities of folate metabolism
(Table 5.6)

Therapy with antifolate drugs (e.g. methotrexate)
Independent of either cobalamin or folate deficiency and

refractory to cobalamin and folate therapy:
Some cases of acute myeloid leukaemia, myelodysplasia∗

Therapy with drugs interfering with DNA synthesis
(e.g. cytarabine, hydroxycarbamide, 6-mercaptopurine,
azidothymidine)

Orotic aciduria (responds to uridine)
Lesch–Nyhan syndrome (? responds to adenine)

∗Folate deficiency also occurs frequently in these diseases.

DHF
polyglutamate

THF
polyglutamate

THF

Methyl-THF

Methyl-THF

 B12

5,10-methylene-THF
polyglutamate

dUMP

Cell membrane

Plasma

Small intestine

dTMP

Dietary folates

dTDP

dTTPdCTPdGTPdATP

DNA

Methionine

Homocysteine

Methotrexate

Figure 5.1 Role of folate (as 5,10-methylene-THF polyglutamate)
and methylcobalamin in DNA synthesis. THF, tetrahydrofolate;
MP, monophosphate; TP, triphosphate; d, deoxyribose; A, adenine;
T, thymine; C, cytosine; G, guanine; B12, vitamin B12, cobalamin.

marrow and other cells from plasma, is converted into all the
intracellular folate co-enzymes (Figure 5.1). The co-enzymes are
all polyglutamated (the larger size aiding retention in the cell),
but the enzyme folate polyglutamate synthase requires THF and
not methyl-THF as substrate. In cobalamin deficiency, methyl-
THF accumulates in the plasma, while intracellular folate con-
centrations fall due to failure of formation of intracellular folate
polyglutamates including 5,10-methylene-THF because of ‘THF
starvation’.
This theory explains the abnormalities of folate metabolism

that occur in cobalamin deficiency (high serum folate, low
cell folate, reduced thymidylate synthesis, raised purine pre-
cursor AICAR excretion; Table 5.2) and also why the anaemia
that occurs in cobalamin deficiency will respond to folic acid
in large doses. The explanation of why serum cobalamin falls
in folate deficiency may also be related to impairment of the
homocysteine–methionine reaction, with reduced formation of
methylcobalamin, the main form of cobalamin in plasma, but
other mechanisms may be responsible.

Clinical features

Many symptomless patients are detected through the finding
of a raised mean corpuscular volume (MCV) on a routine
blood count. The main clinical features in more severe cases
are those of anaemia. Anorexia is usually marked and there
may be weight loss, diarrhoea or constipation. Other particular
features include glossitis, angular cheilosis, a mild fever in the
more severely anaemic patients, jaundice (unconjugated) and
reversible melanin skin hyperpigmentation. Thrombocytopae-
nia sometimes leads to bruising (and this may be aggravated by
vitamin C deficiency in malnourished patients. The (anaemia
and) low leucocyte count may predispose to infections, particu-
larly of the respiratory or urinary tracts. Cobalamin deficiency
has also been associated with impaired bactericidal function of
phagocytes.

General tissue effects of cobalamin and folate
deficiencies

Epithelial surfaces
These deficiencies, when severe, affect all rapidly growing
(DNA-synthesizing) tissues. After the marrow, the next most
affected tissues are the epithelial cell surfaces of the mouth,
stomach, small intestine and respiratory, urinary and female
genital tracts. The cells showmacrocytosis, with increased num-
bers ofmultinucleate and dying cells. The deficienciesmay cause
cervical smear abnormalities.

Complications of pregnancy
The gonads are also affected and infertility is common in both
men and women with either deficiency if severe. Maternal folate
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Table 5.2 Biochemical reactions of folate co-enzymes.

Reaction
Co-enzyme form of
folate involved

Single-carbon unit
transferred Importance

Formate activation THF –CHO Generation of 10-formyl-THF

Purine synthesis
Formation of glycinamide
ribonucleotide

5,10-Methenyl-THF –CHO Formation of purines needed for
DNA, RNA synthesis, but
reactions probably not rate
limiting

Formylation of amino-
imidazole-carboxamide-
ribotide (AICAR)

10-Formyl-THF –CHO

Pyrimidine synthesis
Methylation of deoxyuridine
monophosphate (dUMP) to
thymidine monophosphate (dTMP)

5,10-Methenyl-THF –CH3 Rate limiting in DNA synthesis
Oxidizes THF to DHF
Some breakdown of folate at the
C-9–N-10 bond

Amino acid interconversion
Serine–glycine interconversion THF =CH2 Entry of single-carbon units into

active pool
Homocysteine to methionine 5-Methyl-THF –CH3 Demethylation of 5-methyl-THF to

THF; also requires cobalamin,
flavine adenine dinucleotide,
ATP and adenosylmethionine

Forminoglutamic acid to glutamic acid
in histidine catabolism

THF –HN–CH= Basis of the Figlu test (now obsolete)

DHF, dihydrofolate; THF, tetrahydrofolate.

TC
OHCbl

TC
OHCbl

F
C,D

E,G

Cbl2+

Cbl2+

Cbl+

Methionine
synthase-Cbl+

(MS–Cbl+)

OHCbl
(Cbl3+)

Homocysteine Methionine
MS–MeCbl

L-Methylmalonyl CoA Succinyl CoA
Mutase

AdoCbl

A

B

Figure 5.2 Intracellular cobalamin
metabolism. Cbl1+, Cbl2+ and Cbl3+ refer to
the oxidation state of the central cobalt atom
of cobalamin Cbl3+ being the most oxidized.
A–G refer to the sites of blocks that have
been identified by complementation analysis
in infants with metabolic defects. AdoCbl,
adenosylcobalamin; MeCbl,
methylcobalamin; TC, transcobalamin. The
mitochondrial, lysosomal and cytoplasmic
compartments are indicated. Source:
Lilleyman JS, Hann IM, and Blanchette VS
(eds) (1999) Paediatric Haematology, 2nd
edn. Churchill Livingstone, Edinburgh.
Reproduced with permission from Elsevier.
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Figure 5.3 The role of folates in DNA synthesis and in formation of S-adenosylmethionine (SAM), which is involved in numerous
methylation reactions. Enzymes are shown in pink boxes. (Figure prepared in conjunction with Professor John Scott.)

deficiency has been implicated as a cause of prematurity and
both folate and cobalamin deficiency have been implicated in
recurrent fetal loss.

Neural tube defects
Folic acid supplements at the time of conception and in the first
12 weeks of pregnancy reduce by about 70% the incidence of
neural tube defects (NTDs) – anencephaly, meningomyelocele,
encephalocele and spina bifida – in the fetus.Most of this protec-
tive effect can be achieved by taking folic acid 0.4 mg daily. The
incidence of cleft palate and harelip can also be reduced by pro-
phylactic folic acid. There is no clear simple relationship between
maternal folate status and these fetal abnormalities, although the
lower the maternal folate (and vitamin B12) plasma levels, the
greater the risk of NTD or, in diabetic mothers of other birth
defects, in infants. NTDs can also be caused by antifolate and
antiepileptic drugs.
An underlyingmaternal folatemetabolic abnormality has also

been postulated. One abnormality has been identified: reduced
activity of the enzyme 5,10-methylenetetrahydrofolate reduc-
tase (MTHFR) (Figure 5.3) caused by a common 677C→T poly-
morphism in the MTHFR gene. In one study, the prevalence
of this polymorphism was found to be higher in the parents of

NTD fetuses and in the fetuses themselves: homozygosity for the
TT mutation was found in 13% compared with 5% in control
subjects. The polymorphism codes for a thermolabile form of
MTHFR. The homozygous state results in lower mean serum
and red cell folate compared with control subjects, as well as sig-
nificantly higher serumhomocysteine levels. Tests formutations
in other enzymes possibly associated with NTDs, have been
negative.

Cardiovascular disease
Children with severe homocystinuria (blood levels of 100
μmol/L or more) due to deficiency of one of three enzymes,
methionine synthase, MTHFR or cystathionine synthase (Fig-
ure 5.3; Chapter 44), suffer from vascular disease (e.g. ischaemic
heart disease, cerebrovascular disease or pulmonary embolus) as
teenagers or in young adulthood. Meta-analysis shows a signif-
icant association between lesser degrees of raised serum homo-
cysteine (normal range 5–15 μmol/L) and of homozygosity for
mutatedMTHFR with ischaemic heart disease, stroke, deep vein
thrombosis and pulmonary embolism.
It remains possible that homocysteine levels may be high as

a consequence of vascular damage or may merely be a marker
for some other underlying factor that is responsible for both the
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vascular damage and the raised homocysteine. Folate deficiency,
for example, may be such a factor. Folate levels have been found
in various studies to be lower in patients with myocardial infarct
and carotid artery disease than control subjects. Meta-analysis
of data from large multicentre prospective trials of folic acid in
prevention of coronary arterial disease, however, do not show
a positive effect, whereas a reduction of the risk of stroke by
18% has been reported, but even for this there are conflicting
data. For coronary disease aspirin may over-ride any effect of
folic acid. Extremely high levels of homocysteine (>50 μmol/L)
are toxic to endothelia. When homocysteine levels are only
mildly ormoderately elevated, othermechanisms have been pro-
posed, including oxidant damage interaction of homocysteine
with cysteine residues on coagulation factors, platelets, adhe-
sionmolecules or endothelial cells or promotion of vascular wall
inflammation.

Malignancy
Prophylactic folic acid in pregnancy has been found in some,
but not all, studies to reduce the subsequent incidence of acute
lymphoblastic leukaemia (ALL) in childhood. A significant neg-
ative association has been found with the MTHFR 677C→T
and 1298A→C polymorphisms and the incidence of both pae-
diatric and adult ALL. There are various positive and negative
associations between polymorphisms in other folate-dependent
enzymes and the incidence of paediatric and adult ALL. Other
tumours that have been associated with folate polymorphisms
or status include follicular lymphoma, breast cancer and gastric
cancer.
Meta-analysis of ten randomized trials of folic acid at doses 2

mg or more for an average of 5.2 years, as well as of three tri-
als for prevention of colonic adenomas (total 49,621 individu-
als) has not shown a significant difference for cancer generally
or for any specific cancer between folic acid and placebo. This is
reassuring, both for those taking folic acid as a vitamin supple-
ment and for countries where food fortification with folic acid is
carried out.

Other tissues
Folate deficiency causes reduced regeneration of cirrhotic liver.
Patients with gluten-induced enteropathy and those with sickle
cell anaemia have also been reported to show stunted growth,
which has been improved coincidentally with commencement
of folic acid therapy, but it is not certain how much the growth
improvement in these children was due to folic acid and how
much to other, simultaneously administered vitamins. There are
experimental data in animals and some clinical observations
that long-term vitamin B12 deficiency can affect bone forma-
tion. In the fragile X syndrome, sister chromatid exchange and
DNA breaks are increased in vitro in a folate-deficient medium,
apparently at the Xq28 site. No in vivo abnormality of folate
metabolism can be detected.

Neurological manifestations

Cobalamin deficiency may cause bilateral peripheral neuropa-
thy or degeneration (demyelination) of the posterior and pyra-
midal tracts of the spinal cord and, less frequently, optic atro-
phy or cerebral symptoms. The patient classically presents with
paraesthesiae in the legs, muscle weakness or difficulty in walk-
ing and sometimes dementia, psychotic disturbances or visual
impairment. Long-term nutritional cobalamin deficiency in
infancy leads to poor brain development and impaired intellec-
tual development. Folate deficiency may cause mental changes
such as depression and slowness, and has been suggested to
cause organic nervous disease, but this is uncertain. Methotrex-
ate injected into the cerebrospinal fluidmay cause brain or spinal
cord damage. Neural tube defects in the fetus are discussed
above.
The biochemical basis for cobalamin neuropathy remains

obscure. Its occurrence in the absence of methylmalonic
aciduria in transcobalamin deficiency, and in monkeys given
nitrous oxide (N2O), suggests that the neuropathy is related
to the defect in conversion of homocysteine to methionine.
Accumulation of S-adenosylhomocysteine (SAH) in the brain,
resulting in inhibition of transmethylation reactions due to an
altered S-adenosylmethionine (SAM) to SAH ratio, has been
suggested. SAM is needed in methylation of biogenic amines
(e.g. dopamine), as well as of proteins, phospholipids and
neurotransmitters in the brain (Figure 5.3).
Studies showing an association between lower serum lev-

els of folate or cobalamin and higher homocysteine levels and
Alzheimer disease, loss of cognitive function or brain volume
loss have been reported.However, trials of supplementationwith
folic acid, vitamin B12 and vitamin B6 have not consistently
shown a benefit in preventing progression of the dementia com-
pared with a control group, or in improving cognitive function.

Haematological findings

Peripheral blood

Oval macrocytes, usually with considerable anisocytosis and
poikilocytosis, are the main feature (Figure 5.4a). The MCV is
usually more than 100 fL unless a cause of microcytosis (e.g.
iron deficiency or thalassaemia trait) is present, when there
is a raised red cell distribution width (RDW) and the film is
dimorphic. The MCV may also be normal owing to excess
fragmentation of red cells. Some of the neutrophils are hyper-
segmented (more than five nuclear lobes). Both macrocytosis
and hypersegmented neutrophils may also occur in other sit-
uations (Table 5.3). Together, however, they strongly suggest
megaloblastic haemopoiesis. There may be leucopoenia due to
a reduction in granulocytes and lymphocytes; the platelet count
may be moderately reduced, rarely to less than 40 × 109/L.
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(b)(a)

Figure 5.4 Severe megaloblastic anaemia: (a) peripheral blood; (b) bone marrow.

Occasionally, a leuco-erythroblastic blood picture is seen. In
the non-anaemic patient, the presence of a few macrocytes and
hypersegmented neutrophils in the peripheral blood may be the
only abnormalities.

Table 5.3 Conditions in which macrocytosis or hypersegmented
neutrophils may occur in the absence of megaloblastic anaemia.

Macrocytosis
Alcohol
Liver disease (especially alcoholic)
Reticulocytosis (haemolysis or haemorrhage)
Aplastic anaemia or red cell aplasia
Hypothyroidism
Myelodysplasia
Myeloma and macroglobulinaemia
Leucoerythroblastic anaemia
Myeloproliferative disease
Pregnancy
Newborn
Congenital dyserythropoietic anaemia (type II)
? Chronic respiratory failure

Hypersegmented neutrophils
Renal failure
Congenital (familial)
? Iron deficiency

Note: Falsely high MCV recorded when cold agglutinins, paraproteins or
marked leucocytosis are present.

Bone marrow

In severely anaemic patients, the marrow is hypercellular with
accumulation of primitive cells due to selective death of more
mature forms. There is dissociation between nuclear and cyto-
plasmic development in the erythroblasts, with the nucleus
maintaining a primitive appearance despite maturation and
haemoglobinization of the cytoplasm; fully haemoglobinized
(orthochromatic) erythroblasts may be seen. The nucleus of the
megaloblast has an open, fine, lacy appearance; the cells are
larger than normoblasts and an increased number of cells with
eccentric lobulated nuclei or nuclear fragments may be present
(Figure 5.4b). Mitotic and dying cells are seen more frequently
than normal. Giant and abnormally shaped metamyelocytes,
and enlarged hyperpolyploid megakaryocytes are characteristic.
Severe florid megaloblastic changes may be confused with acute
erythroid leukaemia. Rarely, the marrowmay be hypocellular or
red cell precursors are lost almost completely from the marrow
and a mistaken diagnosis of myeloid leukaemia may be made.
Iron staining shows increase in both reticuloendothelial stores
and in the developing megaloblasts.
In less anaemic patients, the changes in the marrow may be

difficult to recognize. The terms ‘intermediate’, ‘mild’ and ‘early’
have been used. The changes may be mild and difficult to rec-
ognize, even in a severely anaemic patient, if the anaemia is
largely due to other factors (e.g. iron deficiency, infection,malig-
nant disease, haemolysis) and the megaloblastosis is an inciden-
tal phenomenon. The term ‘megaloblastoid’ has several differ-
ent connotations, including the dysplastic changes seen in the
myelodysplastic syndromes, and is best avoided.
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Chromosomes

Bone marrow cells, transformed lymphocytes and other prolif-
erating cells in the body show a variety of changes including ran-
dom chromosomal breaks, reduced contraction of chromatin,
spreading of the centromere, and exaggeration of secondary
chromosomal constrictions and prominent satellites. Similar
abnormalities may be produced by antimetabolite drugs (e.g.
cytarabine, hydroxycarbamide and methotrexate) that interfere
with eitherDNA replication or folatemetabolism andwhich also
cause megaloblastic appearances.

Ineffective haemopoiesis

There is accumulation of unconjugated bilirubin in plasma
due to the death of nucleated red cells in the marrow (inef-
fective erythropoiesis). Other evidence for this includes raised
urine urobilinogen, reduced haptoglobins and positive urine
haemosiderin, raised serum lactate dehydrogenase and raised
serum iron, non-transferrin-bound iron and ferritin levels. Car-
bon monoxide production is also increased. Serum lysozyme
may also be raised, suggesting ineffective granulopoiesis.
In rare patients, ineffective haematopoiesis is associated with

features of disseminated intravascular coagulation, with raised
serum fibrin degradation products. Thrombocytopenia, when
it occurs, is usually caused by ineffective megakaryopoiesis. A
weakly positive direct antiglobulin test due to complement can
lead to a false diagnosis of autoimmune haemolytic anaemia.

Cobalamin

Cobalamin (vitamin B12) exists in a number of different chem-
ical forms. The molecule consists of two halves: a planar group
and a nucleotide set at right angles to it (Figure 5.5). The pla-
nar group is a corrin ring and the nucleotide consists of a
base, 5,6-dimethylbenzimidazole, and a phosphorylated sugar,
ribose-5-phosphate. In nature, the vitamin is mainly in the 5′-
deoxyadenosyl (ado) form. This is the main form in human
tissues and is located in the mitochondria. It serves as the co-
factor for methylmalonyl-CoA mutase. The other major natural
cobalamin ismethylcobalamin, themain form in human plasma
and cell cytoplasm, which serves as the co-factor for methion-
ine synthase. There are also minor amounts of hydroxocobal-
amin, the form to which methyl- and ado-cobalamin are rapidly
converted by exposure to light, hydroxocobalamin having its
cobalt atom in the fully oxidized Cbl3+ state, whereas the cobalt
exists as reduced Cbl1+ in themethyl- and ado-cobalamin forms
(see Figure 5.2).

Dietary sources and requirements

Cobalamin is synthesized solely by microorganisms. Ruminants
obtain cobalamin from the foregut, but the only source for
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Figure 5.5 The structure of vitamin B12 (cyanocobalamin). There
is a corrin ring with a cobalt atom at its centre. Above is attached
the cyano, hydroxo, methyl or deoxyadenosyl ligand. Below is the
nucleotide 5,6-dimethylbenzimidazole.

humans is food of animal origin. The highest amounts are found
in liver and kidney (up to 100 μg per 100 g), but it is also present
in shellfish, organ and muscle meats, fish, chicken and dairy
products (eggs, cheese and milk) in small amounts (6 μg/L).
Vegetables, fruits and all other foods of non-animal origin are
free from cobalamin unless they are contaminated by bacteria.
Cooking does not usually destroy cobalamin.
A normal Western diet contains 5–30 μg of cobalamin daily.

Adult daily losses (mainly in the urine and faeces) are about
1–2 μg and because the body does not have the ability to degrade
cobalamin, daily requirements are also about 1 μg. Body stores
are of the order of 2–3 mg and are sufficient for 3–4 years if sup-
plies are completely cut off.

Absorption

Two mechanisms exist for cobalamin absorption. One is pas-
sive, occurring equally through the duodenum and the ileum;
it is rapid but inefficient as less than 1% of an oral dose can be
absorbed by this process. Passive absorption of cobalamin can
also occur through othermucousmembranes such as the sublin-
gual and nasalmucosae. The othermechanism is active; it occurs
through the ileum in humans and is efficient for small (a few
micrograms) oral doses of cobalamin. This is the normal mech-
anism by which the body acquires cobalamin and is mediated by
gastric intrinsic factor (IF).
Dietary cobalamin is released from protein complexes by

enzymes in the stomach, duodenum and jejunum; it combines
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800 ng/L

1000 ng/L

TCl + III (HCs)

Mol wt = 56,000–58,000
Source:  granulocytes
 ? other tissues

Mol wt = 38,000
Source:  liver
 ileum
 macrophages

450 ng/L

30–40 ng/L

TCII (TC)

Figure 5.6 The serum cobalamin-binding proteins (TCs,
transcobalamins). Dark blue rectangles indicate endogenous
serum cobalamin; light blue rectangles indicate unsaturated
cobalamin-binding protein; HCs, haptocorrins.

rapidly with a salivary glycoprotein (R binder) related to
plasma transcobalamin I (TCI). These proteins are isoforms
of cobalamin-binding proteins known as haptocorrins (HCs),
which differ from each other only in their patterns of glycosyla-
tion. They are products of a single gene (TCN1), and they occur
in saliva, gastric juice, bile, milk and other body fluids. Subse-
quently, HC is digested by pancreatic trypsin and the cobalamin
transferred to IF. Binding of cobalamin to IF is favoured by an
alkaline pH; it binds onemolecule for onemolecule. All forms of
cobalamin are absorbed by the same IFmechanism (Figure 5.6).
Intrinsic factor is a glycoprotein (molecular weight 45,000)
encoded by a gene on chromosome 11q13. It is produced in
gastric parietal cells in the fundus and body of the stomach. The
IF–cobalamin complex, in contrast with free IF, is resistant to
enzyme digestion, having a more closed structure. It passes to
the ileum, where IF attaches to a specific receptor (cubilin) on
the brush border surface of the ileal absorptive cells. Cubilin is
also present in the yolk sac and renal proximal tubular epithe-
lium. The attachment of the IF–cobalamin complex requires
calcium ions and a pH around neutral. It is probably a physical
process, not requiring energy. Cubilin traffics by means of the
protein called amnionless (AMN). AMN binds tightly to cubilin
and directs sublocalization and endocytosis of cubilin with its
ligand (IF–cobalamin complex). Defects in cubilin and AMN
are implicated in autosomal recessive megaloblastic anaemia,
characterized by intestinal malabsorption of cobalamin (see
p. 63). A third protein, megalin (LRP2), has been suggested to
play a role in stabilizing the cubilin–AMN complex.

Cobalamin then enters the ileal cell. IF is digested and after
a delay of about 6 hours absorbed cobalamin appears in portal
blood attached to transcobalamin (TCII), which is synthesized
in the ileum, either by mucosal cells or by venous endothelial
cells in the submucosa.
The ileum has a restricted capacity to absorb cobalamin

because of limited receptor sites. Although 50% or more of a
single dose of 1 μg of cobalamin may be absorbed, with doses
above 2 μg the proportion absorbed falls rapidly.Moreover, after
one dose of IF–cobalamin complex has been presented, the ileal
cells become refractory to further doses for about 6 hours.

Enterohepatic circulation

Between 0.5 and 5.0 μg of cobalamin enter the bile each day.
This binds to IF and a portion of biliary cobalamin is reabsorbed
together with cobalamin derived from sloughed intestinal cells.
Bile may enhance cobalamin absorption. Cobalamin deficiency
develops more rapidly in individuals who malabsorb cobalamin
than it does in vegans, who ingest no cobalamin but in whom
reabsorption of biliary cobalamin is intact.

Transport

Two main cobalamin-binding proteins exist in human plasma;
they both bind cobalamin one molecule for one molecule (Fig-
ure 5.6). One HC (also known as TCI) is a glycoprotein. TCIII
is a minor isoprotein of TCI in plasma. These HCs are derived
primarily from the specific granules in neutrophils and are nor-
mally about two-thirds saturated with cobalamin, which they
bind tightly. They do not enhance cobalamin entry into tis-
sues. Glycoprotein receptors on liver cells are concerned in the
removal of HCs from plasma, and HC may have a role in the
transport of cobalamin analogues to the liver for excretion in
bile. The gene, TCN1 on chromosome 11q11–q12.3, has nine
exons and codes a protein of 433 amino acids. Heterozygous,
homozygous or compound heterozygous mutations in the gene
may cause mild or severe reductions in serum vitamin B12,
respectively, with no known clinical consequences.
The other major cobalamin transport protein in plasma is

transcobalamin (TC, also known as TCII). This is synthesized
by liver, and by other tissues, including macrophages, endothe-
lial and possibly ileal cells. It normally carries only 20–60 ng of
cobalamin per litre of plasma and readily gives up cobalamin to
marrow, placenta and other tissues, which it enters by receptor-
mediated endocytosis via clathrin-coated pits. TC is not reuti-
lized. The gene is on chromosome 22q11–q13.1 and, as for IF
and HC, there are nine exons. The three proteins are likely to
have a common ancestral origin. TC has 20% amino acid homol-
ogy and more than 50% nucleotide homology with human HC
and with rat IF. The regions of homology of HC, TC and IF are
involved in cobalamin binding. Five different inherited isopro-
teins of TC have been described; all are functionally active. TC is
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also present in cerebrospinal fluid and binds cobalamin (approx-
imately 10 ng/L) there. Alterationsmay occur in TC andHC lev-
els in a variety of disease states. In general, an increase in HC is
found particularly in myeloproliferative diseases and hepatoma
and causes an increase in serum cobalamin, whereas an increase
in TC does not.
The TC receptor belongs to the low-density lipoprotein recep-

tor family. It ismore heavily expressed in dividing than quiescent
cells, and is recycled to the cell surface. Megalin (LRP-2) is also
involved in the endocytosis of TC–cobalamin.

Cobalamin analogues

Cobalamin analogues are corrinoids, which exist as cobamides
(containing substitutions in the place of ribose, e.g. adenosyl) or
as cobinamides (which have no nucleotide whatever). They do
not bind to IF and are not absorbed. HC may carry analogues
to the liver for excretion in the bile. It is unclear whether they
are inert or inhibit cobalamin-dependent reactions. The propor-
tion of analogues derived from diet, gut bacteria or endogenous
breakdown of cobalamins is unknown. They are present in fetal
blood and tissues.

Causes of cobalamin deficiency

Cobalamin deficiency is usually due to malabsorption. The only
other cause is inadequate dietary intake. Cobalamin deficiency
due to excess degradation does not occur. Inactivation may
occur as a result of exposure to the anaesthetic gas N2O. N2O
which causes irreversible oxidation of the active Cbl1+ during
catalytic shunting of labilemethyl groups in themethionine syn-
thase reaction (see Figure 5.2).

Inadequate dietary intake
Adults
Dietary cobalamin deficiency arises in vegans who omit meat,
fish, eggs, cheese and other animal products from their diet. The
largest group in the world consists of Hindus, and many mil-
lions of Indians are at risk of deficiency on a nutritional basis.
However, not all vegans develop cobalamin deficiency of suf-
ficient severity to cause anaemia or neuropathy, even though
subnormal cobalamin levels have been found in up to 50% of
randomly selected, young, adult Indian vegans. Dietary cobal-
amin deficiency may also arise rarely in non-vegetarian subjects
who exist on grossly inadequate diets because of poverty or psy-
chiatric disturbance. Nutritional cobalamin deficiency may not
progress to megaloblastic anaemia because the diet is not totally
lacking cobalamin, the enterohepatic circulation is intact and
body losses will reduce as stores diminish.

Infants
Cobalamin deficiency occurs in infants born to severely
cobalamin-deficient mothers. These infants develop mega-
loblastic anaemia at about 3–6months of age since they are born

with low stores of cobalamin and are then fed breast milk of low
cobalamin content. This occurs most commonly in Indian veg-
ans, but also in unrecognized maternal pernicious anaemia and
in strict practitioners of veganism living in Western countries
whose offspring have shown growth retardation, impaired psy-
chomotor development and other neurological sequelae.

Gastric causes of cobalamin malabsorption
(Tables 5.4 and 5.5)
Pernicious anaemia
Pernicious anaemia (PA) may be defined as a severe lack of IF
due to gastric atrophy. It is a common disease in northern Euro-
peans but occurs in all countries and ethnic groups. The over-
all incidence is about 120 per 100,000 population in the UK, but
there is wide variation between one area and the next. The preva-
lence rate inWestern countriesmay be as high as 2–3%.The ratio
of incidence in men and women is approximately 1:1.6 and the
peak age of onset is 60 years, with only 10% of patients being less
than 40 years of age. In some ethnic groups, notably black people
and Latin Americans, the age of onset of PA is generally lower.
The disease occurs more commonly than by chance in close rel-
atives, in subjects or families with other organ-specific autoim-
mune diseases of the thyroid, adrenal or parathyroid, in those
with premature greying, blue eyes and vitiligo, and in persons
of blood group A. An association with human leucocyte anti-
gen (HLA)-3 has been reported in some but not all series and in
those with endocrine disease, with HLA-B8, -B12 and -BW15.
The life expectancy has been estimated as normal in women
once regular treatment has begun. Men have been reported to

Table 5.4 Causes of cobalamin deficiency causing megaloblastic
anaemia.

Nutritional
Vegans

Malabsorption
Pernicious anaemia

Gastric causes
Congenital intrinsic factor deficiency or functional abnormality
Total or partial gastrectomy

Intestinal causes
Intestinal stagnant loop syndrome: jejunal diverticulosis,
ileocolic fistula, anatomical blind loop, intestinal
stricture, etc.

Ileal resection and Crohn’s disease
Selective malabsorption with proteinuria
Tropical sprue
Transcobalamin deficiency
Fish tapeworm
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Table 5.5 Malabsorption of cobalamin may occur in the following
conditions but is not usually sufficiently severe and prolonged to
cause megaloblastic anaemia.

Gastric causes
Simple atrophic gastritis (food cobalamin malabsorption)
Zollinger–Ellison syndrome
Gastric bypass surgery
Use of proton pump inhibitors

Intestinal causes
Gluten-induced enteropathy
Severe pancreatitis
HIV infection
Radiotherapy
Graft-versus-host disease

Deficiency states
Cobalamin, folate, protein, ?riboflavin, ?nicotinic acid

Drug therapy
Colchicine, p-aminosalicylate, neomycin, slow-release
potassium chloride, anticonvulsant drugs, ?metformin,
?phenformin, cytotoxic drugs

Alcohol

have a slightly subnormal life expectancy as a result of a higher
incidence of carcinoma of the stomach than in control subjects.

Diagnosis
This is usually suspected from the clinical picture and the find-
ings ofmegaloblastic anaemia due to cobalamin deficiency. Tests
for circulating gastric autoantibodies and serum gastrin lev-
els are important. The serum gastrin level is usually raised in
PA (>200 μg/L), the hormone coming from endocrine cells in
the gastric fundus. Raised serum gastrin also occurs in simple
atrophic gastritis. Serum pepsinogen I levels are low (<30 μg/L)
in over 90% of those affected and a low ratio of serum pepsino-
gen I to pepsinogen II correlates with the presence of chronic
atrophic gastritis.

Gastric biopsy
This shows atrophy of all layers of the body and also fundal atro-
phy, with loss of glandular elements, an absence of parietal and
chief cells and replacement by mucous cells, a mixed inflamma-
tory cell infiltrate and sometimes intestinalmetaplasia. The infil-
trate of plasma cells and lymphocytes contains an excess of CD4
cells. The antral mucosa is usually well preserved. Helicobacter
(H.) pylori infection is infrequent in PA, but it has been sug-
gested that H. pylori gastritis may represent an early phase of
atrophic gastritis, often associated with iron deficiency, which

is gradually replaced, in some individuals, by an immune pro-
cess with disappearance of H. pylori infection. Corticosteroid
therapy may restore acid and IF secretion temporarily.

Antibodies to gastric antigens:
1 IF antibodies. Two types of IF antibody may be found in the
sera of patients with PA, both being IgG. One, the ‘blocking’ or
‘type I’ antibody, prevents the combination of IF and cobalamin,
whereas the other, the ‘binding’, ‘type 2’ antibody, which attaches
to IF whether joined to cobalamin or not, prevents attachment
of IF to ileal mucosa. Type 1 antibody occurs in the serum of
about 55% of patients, type 2 antibody in 35%. IF antibodies
cross the placenta and cause temporary IF deficiency in the new-
born infant. Patients with PA also show cell-mediated immunity
to IF. IF antibodies are rarely found in conditions other than PA.
Type I antibody has been detected rarely in the sera of patients
without PA but with thyrotoxicosis, myxoedema, Hashimoto
disease or diabetes mellitus, and in relatives of PA patients. IF
antibodies have also been detected in gastric juice in about 80%
of patients with PA. These antibodies may reduce absorption of
dietary cobalamin by combining with small amounts of remain-
ing IF in the gastric juice. Achlorhydria favours the formation of
this antigen–antibody complex.
2 Parietal cell and gastrin receptor antibodies. Parietal cell
antibody is present in the sera of almost 90% of adult patients
with PA, but it is frequently present in other subjects. Thus,
it occurs in as many as 16% of randomly selected female sub-
jects aged over 60 years and in a smaller proportion of younger
control subjects; it is found more frequently than in control
subjects in relatives of PA patients. These antibodies are also
foundmore frequently in patients with simple atrophic gastritis,
chronic active hepatitis and thyroid disorders and their relatives,
as well as in Addison disease, rheumatoid arthritis and other
conditions. The parietal cell antibody is directed against the α-
and β-subunits of the gastric proton pump (H+/K+-ATPase).
The sera of PA patients may also contain an autoantibody to the
gastrin receptor, although this test is not used clinically.

Hypogammaglobulinaemia
PA is found more often than by chance in patients with a
deficiency of IgA or with complete hypogammaglobulinaemia.
These subjects resemble others with PA, except that they often
present relatively early (before the age of 40 years), they have
a lower incidence of serum IF and parietal cell antibodies, and
they may show intestinal malabsorption. They may also have a
history of recurrent infections. The gastric lesion is similar to
that in other cases, except that plasma cells are absent from the
inflammatory cell infiltrate and the antrum is involved. Serum
gastrin levels are normal.

Juvenile pernicious anaemia
This usually occurs in older children and resembles PA of adults.
Gastric atrophy, achlorhydria and serum IF antibodies are all
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present, although parietal cell antibodies are usually absent.
About half of these patients show an associated endocrinopa-
thy such as autoimmune thyroiditis, Addison disease or
hypoparathyroidism; in some, mucocutaneous candidiasis
occurs.

Congenital intrinsic factor deficiency or functional
abnormality
The affected child usually shows no demonstrable IF, but has a
normal gastricmucosa and normal secretion of acid. The inheri-
tance is autosomal recessive. These patients usually present with
megaloblastic anaemia in the first, second or third year of life
when stores of cobalamin accumulated from themother in utero
are used up; a few have presented as late as the second decade.
Parietal cell and IF antibodies are absent. Variants have been
described in which the child is born with IF that can be detected
immunologically, but which is unstable or functionally inactive,
being unable either to bind cobalamin or to facilitate its uptake
by the ileum.

Gastrectomy
Following total gastrectomy, cobalamin deficiency is inevitable
and prophylactic cobalamin therapy should be commenced
immediately following the operation. After partial gastrectomy,
10–15% of patients also develop this deficiency. The exact inci-
dence and time of onset are most influenced by the size of the
resection and the pre-existing size of the cobalamin body store.
Gastric plication for obesity may also cause malabsorption of
cobalamin.

Simple atrophic gastritis (food cobalaminmalabsorption)
The normal IF-mediated mechanism of cobalamin absorption
requires adequate gastric output of acid and pepsin to ensure the
release of food cobalamin. Failure of this mechanism is believed
to be responsible for a condition more common in the elderly
known as food cobalamin malabsorption. The syndrome has
also been described in association with H. pylori infection,
long-term use of histamineH2-receptor antagonists and proton-
pump inhibitors, chronic alcoholism, pancreatic exocrine fail-
ure, Sjögren syndrome and systemic sclerosis. The syndrome is
associated with low serum cobalamin levels, with or without evi-
dence of cobalamin deficiency, such as raised serum levels of
methylmalonic acid and homocysteine. A minority of patients
with food cobalamin malabsorption may go on to develop clin-
ically significant cobalamin deficiency, but the frequency of
occurrence and reasons for this progression are not clear.

Intestinal causes of cobalamin malabsorption
Malabsorption of cobalamin occurs in a variety of intestinal
lesions in which there is colonization of the upper small intes-
tine by faecal organisms. This may occur in patients with jeju-
nal diverticulosis, entero-anastomosis, intestinal stricture or fis-
tula, or with an anatomical blood loop due to Crohn’s disease,

tuberculosis or an operative procedure. Bacterial overgrowth in
the small intestine may also cause spurious elevation of serum
methylmalonate (see further on). Removal of 1.2 m or more
of terminal ileum causes malabsorption of cobalamin. In some
patients, following ileal resection, particularly if the ileocaecal
valve is incompetent, colonic bacteria may contribute further to
cobalamin deficiency.
Nearly all patients with acute and subacute tropical sprue

show malabsorption of cobalamin; this may persist as the prin-
cipal abnormality in the chronic form of the disease, when the
patient may present with megaloblastic anaemia or neuropa-
thy due to cobalamin deficiency. Absorption of cobalamin usu-
ally improves after antibiotic therapy and, in the early stages,
after folic acid therapy. Malabsorption of cobalamin occurs in
about 30% of untreated patients with gluten-induced enteropa-
thy and correlates with the degree of steatorrhoea. Cobalamin
deficiency is not usually severe in these patients and is probably
never the cause of megaloblastic anaemia unless another lesion
causing malabsorption of cobalamin (e.g. stagnant loop syn-
drome) is present. The absorption improves when these patients
are treated with a gluten-free diet.
Selective malabsorption of cobalamin with proteinuria (also

known as Imerslünd syndrome, Imerslünd–Grasbeck syn-
drome, megaloblastic anaemia Type 1 (MGA1) is an autosomal
recessive disease and is the most common cause of megaloblas-
tic anaemia due to cobalamin deficiency in infancy in Western
countries. There are familial clusters in Finland, Norway, the
Middle East and North Africa. The patients usually present with
anaemia between the ages of 1 and 5 years, and secrete normal
amounts of IF and gastric acid. In some cases, such as in Finland,
impaired synthesis, processing or ligand binding of cubilin due
to inherited mutations, for example c.391C→T (named FM1)
and a mutation at an intron causing a truncated protein (FM2),
have been implicated. In others, for example in Norway, muta-
tion of the gene for AMN has been reported. Other tests of
intestinal absorption are normal. Over 90% of these patients
show non-specific proteinuria but renal function is otherwise
normal and renal biopsy has not shown any consistent renal
defect. A few of these patients have shown aminoaciduria and
congenital renal abnormalities, such as duplication of the renal
pelvis.
The fish tapeworm (Diphyllobothrium latum) lives in the

small intestine of humans and accumulates cobalamin from
food, rendering this unavailable for absorption. People acquire
the worm by eating raw or partly cooked fish. Infestation is com-
mon around the lakes of Scandinavia, Germany, Japan, North
America and Russia. Megaloblastic anaemia or cobalamin neu-
ropathy occurs only in those with a heavy infestation, with the
worm high in the small intestine. Many carriers have no cobal-
amin deficiency.
In severe chronic pancreatitis, lack of trypsin is thought to

be why dietary cobalamin attached to gastric non-IF (R) binder
is unavailable for absorption. It has also been proposed that in
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pancreatitis, the concentration of calcium ions in the ileum falls
below the level needed to maintain normal cobalamin absorp-
tion. Serum cobalamin levels tend to fall in patients with HIV
infection and are subnormal in 10–35% of those with AIDS.
Malabsorption of cobalamin not corrected by IF has been shown
in some, but not all, patients with subnormal serum cobal-
amin levels. Malabsorption of cobalamin has been reported in
Zollinger–Ellison syndrome. It is thought that there is a failure
to release cobalamin from R binding protein due to inactivation
of pancreatic trypsin by high acidity, as well as interference with
IF binding of cobalamin.
Both total body irradiation and local radiotherapy to the

ileum (e.g. as a complication of radiotherapy for carcinoma
of the cervix) may cause malabsorption of cobalamin. Graft-
versus-host disease commonly affects the small intestine:malab-
sorption of cobalamin due to abnormal gut flora, as well as dam-
age to ilealmucosa, is frequent. Somedrugs causemalabsorption
of cobalamin, but rarely megaloloblastic anaemia (Table 5.5).
Metformin may lower serum cobalamin by lowering TCI. The
use of histamine H2-blockers for treatment of peptic ulcer dis-
ease causes decreases in cobalamin absorption, and continued
use may lower serum cobalamin level. Other causes of cobal-
amin malabsorption are listed in Table 5.5.

Abnormalities of cobalamin metabolism
Congenital transcobalamin deficiency or abnormality
Infants with TC deficiency usually present with megaloblastic
anaemia within a few weeks of birth. Serum cobalamin and
folate levels are normal, but the anaemia responds to massive
(e.g. 1 mg three times weekly) injections of cobalamin, which
cause free cobalamin to enter marrow cells by passive diffusion
in the absence of functional TC. Some cases show neurologi-
cal complications. In some cases, the protein is present in nor-
mal amounts, but is unable to bind cobalamin or to attach to
the cell surface and so is functionally inert. Genetic abnormal-
ities found include mutations of an intraexonic cryptic splice
site, extensive or single nucleotide deletion, nonsense mutation
and an RNA editing defect. These infants do not show methyl-
malonic aciduria, but malabsorption of cobalamin occurs in all
cases and reduced immunoglobulins in some. Less severe cases
present later in childhood. Failure to institute adequate cobal-
amin therapy or treatment with folic acid may lead to neurolog-
ical damage.

Congenital methylmalonic acidaemia and aciduria
Infants with this abnormality are ill from birth, with vomiting,
failure to thrive, severe metabolic acidosis, ketosis and mental
retardation. Anaemia, if present, is normocytic and normoblas-
tic. The condition may arise as a result of a functional defect in
either the mitochondrial methylmalonyl-CoA mutase or its co-
factor ado-cobalamin (Figure 5.2).Mutations inmethylmalonyl-
CoA mutase are not responsive, or only poorly responsive, to
treatment with cobalamin. Two disorders result in cobalamin-
responsive methylmalonic acidaemia. In cobalamin (Cbl)A

disease, there is failure of reduction of cobalamin III (Cbl3+)
or cobalamin II (Cbl2+) to cobalamin I (Cbl1+) in mitochon-
dria; in CblB disease, there is a defect of an adenosyltransferase
required for synthesis of ado-cobalamin (Figure 5.2). A propor-
tion of infants with CblA and CblB disease respond to cobal-
amin in large doses, whereas others are unresponsive. In those
who do not respond to cobalamin, the enzyme methylmalonyl-
CoA mutase is lacking (mut0) or defective (mut−). Some chil-
dren have combined methylmalonic aciduria and homocystin-
uria due to defective formation of both cobalamin co-enzymes.
The defects are in the transfer of cobalamin from the endocytic
compartment of lysosomes to the cytoplasm (CblF disease) or
in the reduction of cobalamin 3+ to cobalamin 2+ after transfer
to the cytoplasm (CblC and CblD diseases). Over 100 cases of
CblC disease have been described. It usually presents in the first
year of life with feeding difficulties, developmental delay, micro-
cephaly, seizures, hypotonia and megaloblastic anaemia.
Some patients present with homocystinuria and mega-

loblastic anaemia, often with neurological defects, but without
methylmalonic aciduria. There is a selective deficiency of
methylcobalamin. These conditions have been termed CblE
and CblG disease and are due to lack of association of methyl-
cobalamin with methionine synthase.

Acquired abnormality of cobalaminmetabolism: nitrous
oxide inhalation
N2O irreversibly oxidizes methylcobalamin from its active, fully
reducedCbl1+ state to an inactive Cbl2+ precursor. This has been
shown to inactivate methylcobalamin andmethionine synthase.
This occurs in both humans and experimental animals and was
of importance in the megaloblastic anaemia that occurred in
patients undergoing prolonged N2O anaesthesia (e.g. in inten-
sive care units). A neuropathy resembling cobalamin neuropa-
thy has been described in dentists and anaesthetists who are
repeatedly exposed to N2O and in monkeys exposed to the gas
for many months. Recovery fromN2O exposure requires regen-
eration of methionine synthase, as this protein is damaged by
active oxygen derived from the N2O–cobalamin reaction.

Diagnosis of cobalamin deficiency

The diagnosis of cobalamin or folate deficiency has traditionally
depended on the recognition of the relevant abnormalities in the
peripheral blood and/or bone marrow and subsequent analysis
of the blood levels of the vitamins. Other causes of macrocyto-
sis and hypersegmented neutrophils are listed in Table 5.3. How-
ever, assays of serummethylmalonic acid and homocysteine (see
further on) have shown these to be raised in some subjects with-
out haematological abnormalities, including a proportion with
normal levels of serum cobalamin and folate in whom, never-
theless, the levels of the metabolites fall to normal with cobal-
amin and/or folate therapy. The significance of these biochem-
ical changes remains controversial. They may imply functional
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cobalamin or folate deficiency, not reflected by subnormal lev-
els of the vitamins or by disturbed haemopoiesis. If so, it would
imply that the accepted normal serum and red cell levels of the
vitamins reflect body stores that are sufficiently high to prevent
haematological changes, but which in some subjects may not be
optimal for prevention of other complications of the deficien-
cies, including NTDs in the fetus.

Measurement of serum cobalamin
Serum cobalamin is usually measured by one of a number of
enzyme-linked immunosorbent assays. These are frequently
automated. Normal serum cobalamin levels range from 160–
200 ng/L to about 1000 ng/L (ng × 0.738 = pmol, so 200
ng/L = 148 pmol/L). In patients with megaloblastic anaemia
due to cobalamin deficiency, the level is usually less than 100
ng/L. In general, the more severe the deficiency, the lower the
serum cobalamin level. In patients with spinal cord damage
due to the deficiency, levels are very low even in the absence
of anaemia. False normal levels have been described with some
of the assays in patients with IF antibodies in serum. Values of
between 100 and 200 ng/L are regarded as borderline. They may
occur, for instance, in pregnancy, in patients with megaloblastic
anaemia due to folate deficiency, and in patients with mutations
of the TCN1 gene that codes for HC (TCI). They are also found
in vegans and in patients with other causes of mild cobalamin
deficiency (Table 5.5). The relative concentrations of HC and
TC also influence the total serum cobalamin level. Raised serum
cobalamin levels (if not due to recent therapy) are usually due to
a rise in HC or to liver or renal disease with increased saturation
of HC and TC.

Serum holotranscobalamin (holoTCII, holoTC)
Since TC is the plasma cobalamin transport protein that is
responsible for cellular uptake and delivery of cobalamin, the
notion was put forward that measurement of circulating cobal-
amin that was bound to TC (holoTC) would provide a more
meaningfulmeasure of cobalamin status than total serum cobal-
amin. However, measurement of holoTC is not available or used
diagnostically, except in research studies.

Serum methylmalonate and homocysteine levels
In patients with cobalamin deficiency, the serum methyl-
malonate (MMA) and homocysteine levels are raised. Sensi-
tive methods for measuring MMA and homocysteine in serum
have been introduced and recommended for the early diagnosis
of cobalamin deficiency, even in the absence of haematological
abnormalities or subnormal levels of serum cobalamin or folate.
However, serum MMA fluctuates in patients with renal failure.
Mildly elevated serum MMA and/or homocysteine levels occur
in up to 30% of apparently healthy volunteers, with serum cobal-
amin levels up to 350 ng/L and normal serum folate levels and
in 15% of elderly subjects, even with cobalamin levels above 350
ng/L. These findings bring into question the exact cut-off points

for normal MMA and homocysteine levels. It is also unclear at
present whether these mildly raised metabolite levels have clin-
ical consequences and how many of the subjects will progress
to clinically overt cobalamin deficiency. When cobalamin sup-
plies to the cell are suboptimal, there may be preferential use of
methylcobalamin for methionine synthesis compared with ado-
cobalamin for MMAmetabolism. Urinary MMA excretion may
also be used to screen for cobalamin deficiency, but this is also
increased in aminoaciduria (e.g. Fanconi syndrome).
Homocysteine exists in plasma as single molecules, as

two molecules linked together (homocystine) and as mixed
homocysteine–cysteine disulfides. Serum homocysteine levels
are raised in both early cobalamin and folate deficiency, but they
may be raised in other conditions, for example chronic renal
disease, alcoholism, smoking, pyridoxine deficiency, hypothy-
roidism, therapy with steroids, ciclosporine and other drugs.
Levels are also higher in serum than in plasma, in men than
in premenopausal women, in women taking hormone replace-
ment therapy or oral contraceptive users and in elderly sub-
jects and patients with several inborn errors of metabolism
affecting enzymes in trans-sulfuration pathways of homocys-
teine metabolism. Thus, homocysteine levels are not widely
used for diagnosis of cobalamin or folate deficiency. However,
homocysteine levels are used in assessing for cardiovascular risk
(Chapter 44).

Tests for the cause of cobalamin deficiency

Studies of cobalamin absorption were used, but because of the
unavailability of radioactive cobalamin have become obsolete.
Serum tests for gastrin and antibodies to parietal cells and intrin-
sic factor aid in the diagnosis of PA.UpperGI endoscopy, includ-
ing gastric biopsy helps to confirm the diagnosis and exclude
gastric neoplasms.

Folate

Dietary folate

Folic acid (pteroylglutamic acid) is a yellow, crystalline, water-
soluble substance (molecular weight 441). It is the parent com-
pound of a large family of folate compounds. Pteroylglutamic
acid consists of three parts: pteridine, p-aminobenzoate and
l-glutamic acid (Figure 5.7). It is only a minor component of
normal food folates (probably less than 1%), which differ from
it in three respects (Figure 5.7): (i) they are partly or completely
reduced at positions 4, 5, 7 and 8 in the pteridine portion to dihy-
drofolate or THF derivatives; (ii) they usually contain a single
carbon unit of varying degrees of reduction, such as a methyl
group at N-5 or N-10 and (iii) 70–90% of natural folates con-
tain a chain of three or more glutamate residues linked to each
other by the unusual γ-peptide bond and are called pteroyl- or
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Figure 5.7 The structure of folic acid (pteroylglutamic acid).

folate-polyglutamates. In human cells, four, five and six gluta-
mate residues are usual.
Most foods contain some folate. The highest concentrations

are found in liver and yeast (>200 μg per 100 g), spinach, other
greens and nuts (>100 μg per 100 g). The total folate content of
an average Western diet is about 250 μg daily, but the amount
varies widely according to the type of food eaten and themethod
of cooking. Folate is easily destroyed by heating, particularly in
large volumes of water; over 90% may be lost.

Body stores and requirements

Total body folate in the adult is about 10 mg, the liver contain-
ing the largest store. Daily adult requirements are about 100–
200 μg. Up to 13 μg of folate is lost as such in the urine each
day, but breakdown products of folate are also lost in urine.
Losses of folate also occur in sweat and skin; faecal folate is
largely derived from colonic bacteria. Stores are only sufficient
for about 4 months in normal adults, so severe folate deficiency
may develop rapidly.

Absorption

The principal site of folate absorption is the upper small intes-
tine, and there is a steep fall-off in absorptive capacity in the
lower jejunum and ileum. The absorption of all forms tested
is rapid, a rise in blood level occurring within 15–20 min of
ingestion.
The small intestine has a tremendous capacity to absorb folate

monoglutamates: about 90% of a single dose is absorbed, regard-
less of whether this is a small (100 μg) or large (15 mg) amount.
A proton-coupled high-affinity folate transporter with a low pH
optimum, termed PCFT/HCP1, is located at the apical brush
border of the duodenal, and to a lesser extent jejunal mucosa
and in other cells, including the blood–brain barrier. It accounts
for the bulk of folate absorption, including of folic acid itself,
and loss of function in hereditary folate malabsorption is not
compensated by other folate transporters expressed on intesti-
nal cells.
The absorption of folate polyglutamates with higher numbers

of glutamate residues is less. This may be due to the limited
capacity of the small intestine to hydrolyse these compounds or
to their limited transfer in the mucosal cell. On average, about
50% of food folates is absorbed.

Polyglutamate forms are hydrolysed to monoglutamate
derivatives, either in the lumen of the intestine or within the
mucosa; they do not enter portal blood intact. Monoglutamate
or polyglutamate forms of dietary folate, which are already partly
or completely reduced, are converted to 5-methyl-THF within
the small intestinal mucosa before entering the portal plasma.
The monoglutamates are actively transported across the ente-
rocyte by a carrier-mediated mechanism. Pteroylglutamic acid
at doses greater than 400 μg is absorbed largely unchanged
and converted to natural folates in the liver. Doses <400 μg
are converted to 5-methyl-THF during absorption through the
intestine.

Enterohepatic circulation

About 60–90 μg of folate enters the bile each day and is
excreted into the small intestine. Loss of this folate, together
with the folate of sloughed intestinal cells, accelerates the
speed with which folate deficiency develops in malabsorption
conditions.

Transport

Folate is transported in plasma, about one-third loosely bound
to albumin and two-thirds unbound. In all body fluids (plasma,
cerebrospinal fluid, milk, bile) folate is largely, if not entirely, 5-
methyl-THF in the monoglutamate form. A carrier-mediated
active process is involved in the entry of folate into cells, the
rate of uptake being linked to the rate of folate polyglutamate
synthesis in the cell, which in replicating cells is related to
the rate of DNA synthesis. In most cells, folates are retained
with tight binding to folate-binding proteins, three of which
are enzymes involved in methyl group metabolism (sarcosine
dehydrogenase, dimethylglycine dehydrogenase and glycine
N-methyltransferase), until the cell dies. Intact liver cells can
release folate. Two types of folate-binding protein are involved
in entry of methyl-THF into cells. The reduced folate carrier
SLC19A1 is a facilitative transporter with a pH optimum of 7.4
and the characteristics of an anion exchanger. Two glycosylphos-
phatidylinositol (GPI)-linked folate receptors mediate cellular
folate uptake by an endocytic mechanism, with internalization
in a vesicle (caveola), which is then acidified, releasing folate into
the vesicle lumen. Folate is then carried by the membrane folate
transporter PCFT/HCPI into the cytoplasm; the caveola recy-
cles to the cell surface, where its high-affinity receptors are reuti-
lized. The GPI-linked transporters may be involved in transport
of oxidized folates and folate breakdown products to the liver for
excretion in bile.

Biochemical functions

Folates (as the intracellular polyglutamate derivatives) act as
co-enzymes in the transfer of single-carbon units from one
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compound to another (see Figure 5.3 and Table 5.2). Two of
these reactions are involved in purine and one in pyrimidine
synthesis necessary for DNA and RNA replication. Folate is co-
enzyme for methionine synthesis, in which cobalamin is also
involved and THF is generated. THF, the substrate for poly-
glutamate synthesis, is also the acceptor of single-carbon units
newly entering the active pool via conversion of serine to glycine.
Methionine, the other product of the methionine synthase reac-
tion, is the precursor for SAM, the universal methyl donor
involved in over 100 methyltransferase reactions.
During thymidylate synthesis, 5,10-methylene-THF is con-

verted to dihydrofolate (Figure 5.3). The enzyme dihydrofo-
late reductase converts this to THF. The drugs methotrexate,
pyrimethamine and, mainly in bacteria, trimethoprim inhibit
dihydrofolate reductase, and this prevents formation of the
active folate co-enzymes from dihydrofolate. A small fraction of
the folate co-enzyme is not recycled during thymidylate synthe-
sis but is degraded at the C-9–N-10 bond.

Causes of folate deficiency (Table 5.6)

Nutritional
Dietary folate deficiency is common. Indeed, in most patients
with folate deficiency a nutritional element is present. Certain
individuals are particularly likely to have diets containing inad-
equate amounts of folate, including the old, edentulous, poor,
alcoholic and psychiatrically disturbed, and patients after gastric
operations. With total cessation of intake or absorption, deple-
tion of stores will occur in 3–6 months. In the USA and other
countries where fortification of the diet with folic acid has been
adopted to reduce the incidence of NTDs, the prevalence of
folate deficiency has dropped dramatically and is now almost
restricted to high-risk groups with increased folate needs. Nutri-
tional folate deficiency occurs in kwashiorkor and scurvy, and in
infants with repeated infections or who are fed solely on goats’
milk, which has a low folate content (6 μg/L) compared with
human or cows’ milk (50 μg/L).

Malabsorption
Malabsorption of dietary folate occurs in tropical sprue and in
gluten-induced enteropathy in children and in adults. In the
rare recessive congenital syndrome of selective malabsorption
of folate, there is an associated defect of folate transport into
the cerebrospinal fluid, and these patients show megaloblastic
anaemia from the age of a few months, responding to physio-
logical doses of folic acid given parenterally but not orally, or
large oral doses of 5-formyl-THF. They show mental retarda-
tion, convulsions and other central nervous system abnormal-
ities. Loss-of-function mutations, usually homozygous in the
gene coding for the low pH transporter PCFT/HCPI, under-
lie the disease. Minor degrees of malabsorption may also occur
following jejunal resection or partial gastrectomy, in Crohn’s

Table 5.6 Causes of folate deficiency.

Dietary
Particularly in old age, infancy, poverty, alcoholism, chronic
invalids and the psychiatrically disturbed; may be associated
with scurvy or kwashiorkor

Malabsorption
Major causes of deficiency
Tropical sprue, gluten-induced enteropathy in children and
adults, and in association with dermatitis herpetiformis,
specific malabsorption of folate, intestinal megaloblastosis
caused by severe cobalamin or folate deficiency

Minor causes of deficiency
Extensive jejunal resection, Crohn’s disease, partial gastrectomy,
congestive heart failure, Whipple disease, scleroderma,
amyloid, diabetic enteropathy, systemic bacterial infection,
lymphoma, sulfasalazine

Excess utilization or loss
Physiological
Pregnancy and lactation, prematurity

Pathological
Haematological diseases: chronic haemolytic anaemias, sickle cell
anaemia, thalassaemia major, myelofibrosis

Malignant diseases: carcinoma, lymphoma, leukaemia, myeloma
Inflammatory diseases: tuberculosis, Crohn’s disease, psoriasis,
exfoliative dermatitis, malaria

Metabolic disease: homocystinuria
Excess urinary loss: congestive heart failure, active liver disease
Haemodialysis, peritoneal dialysis

Antifolate drugs
Anticonvulsant drugs (phenytoin, primidone, barbiturates),
sulfasalazine

Nitrofurantoin, tetracycline, anti-tuberculosis (less well
documented)

Mixed causes
Liver diseases, alcoholism, intensive care units

Note: In severely folate-deficient patients with causes other than those
listed under Dietary, poor dietary intake is often present.

disease and in systemic infections but, in these conditions,
if severe deficiency occurs, it is usually largely due to poor
nutrition.
Malabsorption of folate has been described in patients receiv-

ing sulfasalazine, cholestyramine and triamterene. It has also
been associated with anticonvulsant drug therapy and alcohol
abuse. In the intestinal stagnant loop syndrome, the predomi-
nant effect of the small intestinal bacteria is to cause a rise in
serum, red cell and urinary folate by synthesizing folate, which
is then absorbed.
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Excess utilization or loss
Pregnancy
Folate requirements are increased by 200–300 μg to about
400 μg daily in a normal pregnancy, partly because of transfer of
the vitamin to the fetus, but mainly because of increased folate
catabolism due to cleavage of folate co-enzymes in rapidly pro-
liferating tissues. Megaloblastic anaemia due to this deficiency
is now largely prevented by prophylactic folic acid therapy. It
occurred in 0.5% of pregnancies in the UK and other Western
countries, but the incidence is much higher in countries where
the general nutritional status is poor. The deficiency is more
common in pregnant women who, because of an inadequate
diet, are also iron deficient than in those with normal iron stores.
Occasionally, when there is an associated infection, acute arrest
of haemopoiesis with pancytopenia may occur; this resembles
aplastic anaemia, except that the marrow shows obvious mega-
loblastic changes.
A number of consequences of folate deficiency in pregnancy

have been described, including antenatal and postpartumhaem-
orrhages, prematurity and congenitalmalabsorption in the fetus.
These have not been fully established, but several studies have
shown that prophylactic folic acid therapy reduces the incidence
of NTDs (see p. 70).

Prematurity
The newborn infant has higher serum and red cell folate con-
centrations than the adult, but the newborn infant’s demand for
folate has been estimated to be up to 10 times that of adults on
a weight basis and the neonatal folate level falls rapidly to the
lowest values at about 6 weeks of age. The falls are steepest and
liable to reach subnormal levels in premature babies, a number of
whom develop megaloblastic anaemia responsive to folic acid at
about 4–6 weeks of age. This occurs particularly in the smallest
babies (<1500 g birthweight) and in thosewho have feeding dif-
ficulties or infections, or who have undergonemultiple exchange
transfusions. In these babies, prophylactic folic acid should be
given.

Haematological disorders
Folate deficiency frequently occurs in chronic haemolytic
anaemia and other conditions of increased cell turnover because
it is not completely reutilized after performing co-enzyme func-
tions, and it is partly lost as pteridines. Patients with primary
myelofibrosis may develop folate deficiency at some stage of
the illness. There is also a high incidence of mild folate defi-
ciency in patients with leukaemia, lymphoma,myeloma or carci-
noma, although it is unusual for this to progress tomegaloblastic
anaemia. Treatment with folic acid should be avoided (as it may
‘feed’ the tumour) unless severe megaloblastic anaemia due to
folate deficiency is clinically important.

Inflammatory conditions
Chronic inflammatory diseases, such as tuberculosis, rheuma-
toid arthritis, Crohn’s disease, psoriasis, exfoliative dermatitis,

bacterial endocarditis and chronic bacterial infections, cause
deficiency by reducing the appetite and by increasing the
demand for folate. Systemic infections may also cause mal-
absorption of folate. Severe deficiency is virtually confined to
those patients with the most active disease and the poorest
diet. Fever per se has also been suggested to interfere with
folate metabolism by inhibiting temperature-dependent folate
enzymes. In patients with subclinical folate deficiency from
causes other than infections, intercurrent infectionsmay precip-
itate severe megaloblastic anaemia.

Homocystinuria
This is a raremetabolic defect in the conversion of homocysteine
to cystathionine. Folate deficiency occurring in most of these
patients may be due to excessive utilization because of compen-
satory increased conversion of homocysteine to methionine.

Long-term dialysis
As folate is only loosely bound to plasma proteins, it is easily
removed from plasma by haemodialysis or peritoneal dialysis
(in contrast, cobalamin is not removed from plasma by dialy-
sis as it is firmly protein bound). The amount of body folate
that can be removed in this way is relatively small. Nevertheless,
in patients with anorexia, vomiting, infections and haemolysis,
folate stores may become depleted and megaloblastic anaemia
can supervene. Routine folate prophylaxis is now given.

Congestive heart failure, liver disease
Excess urinary folate losses of more than 100 μg per day may
occur in some of these patients. The explanation appears to be
release of folate from damaged liver cells.

Antifolate drugs
A large number of epileptics who are receiving long-term ther-
apy with phenytoin (Dilantin) or primidone (Mysoline), with
or without barbiturates, develop low serum and red cell folate
levels. In some of these patients, megaloblastic anaemia super-
venes. A number of mechanisms have been suggested: inhibi-
tion of folate absorption, inhibition of the action or synthe-
sis of folate-dependent enzymes, displacement of folate from
its plasma transport protein and induction of folate-utilizing
enzymes. A dietary element is present in the patients with the
severest deficiencies.
Alcohol may also be a folate antagonist, as patients who are

drinking spirits may develop megaloblastic anaemia that will
respond to normal quantities of dietary folate or to physiolog-
ical doses of folic acid only if the alcohol is withdrawn. Chronic
alcohol intake is associated with macrocytosis even when folate
levels are normal. Inadequate folate intake is the major factor in
the development of deficiency in spirit-drinking alcoholics. Beer
is relatively folate-rich in some countries, depending on the tech-
nique used for brewing.
The drugs that inhibit dihydrofolate reductase include

methotrexate, pyrimethamine and trimethoprim. Methotrexate
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has the most powerful action against the human enzyme,
whereas trimethoprim is most active against the bacterial
enzyme and is only likely to cause megaloblastic anaemia when
used in conjunction with sulfamethoxazole in patients with
pre-existing folate or cobalamin deficiency. The activity of
pyrimethamine is intermediate. The antidote to these drugs is
folinic acid (5-formyl-THF).

Congenital abnormalities of folate metabolism
Anumber of infants have been describedwith congenital defects
of folate enzymes (e.g. cyclohydrolase or methionine synthase).
Some had megaloblastic anaemia.

Diagnosis of folate deficiency

Serum folate
This is measured by an enzyme-linked immunosorbent assay
(ELISA). It is low in all folate-deficient patients. In most labora-
tories, the normal range is from 3.0 μg/L (16.5 nmol/L) to about
15 μg/L. The serum folate is markedly affected by recent diet;
inadequate intake for as little as 1 week may cause the level to
become subnormal.
The serum folate level rises in severe cobalamin deficiency

because of blockage in conversion of methyl-THF, themajor cir-
culating form, to THF; raised levels have also been reported in
the intestinal stagnant loop syndrome, acute renal failure and
active liver damage. (High levels are also obtained when the
patient is receiving folic acid therapy, or, if a sample is haemol-
ysed, because of the high concentration of folate in red cells.)

Red cell folate
The red cell folate assay is a valuable test of body folate stores.
It is less affected by recent diet and traces of haemolysis than
is the serum assay. In normal adults, concentrations range from
160 to 640 μg/L of packed red cells. Subnormal levels occur in
patients withmegaloblastic anaemia due to folate deficiency, but
also occur in nearly two-thirds of patients with megaloblastic
anaemia due to cobalamin deficiency. If cobalamin deficiency is
excluded, however, a low red cell folate can be used as an indi-
cation that severe folate deficiency is present and warrants full
investigation and treatment. False normal results may occur if
the folate-deficient patient has received a recent blood transfu-
sion or if the patient has a raised reticulocyte count (e.g. due to
haemorrhage or haemolytic anaemia).

Serum homocysteine (see previously)

General management of megaloblastic
anaemia

It is usually possible to establish which of the two deficiencies,
folate or cobalamin, is the cause of the anaemia and to treat

only with the appropriate vitamin. In patients who enter hos-
pital severely ill, however, it may be necessary to treat with both
vitamins in large doses once blood samples have been taken for
cobalamin and folate assay and a bone marrow has been per-
formed (if deemed necessary). Transfusion is usually unneces-
sary and inadvisable. If it is essential, packed red cells should be
given slowly and one or two units will be ample. Exchange trans-
fusion, as well as the usual treatment for heart failure, should
be considered in patients with extreme anaemia and congestive
heart failure. Platelet concentrates are of value in reducing spon-
taneous bleeding in rare patients with severe thrombocytopenia.

Treatment of cobalamin deficiency

It is usually necessary to treat patients who have developed
cobalamin deficiency with lifelong regular cobalamin therapy.
In the UK, the form used is hydroxocobalamin; in the USA
cyanocobalamin is used. In a few instances, the underlying
cause of cobalamin deficiency can be permanently corrected, for
instance the fish tapeworm, tropical sprue or an intestinal stag-
nant loop that is amenable to surgery.
The indications for starting cobalamin therapy are well-

documented megaloblastic anaemia or neuropathy due to
the deficiency. It is also necessary to treat any patients with
haematological abnormalities due to cobalamin deficiency, even
in the absence of anaemia (e.g. hypersegmented neutrophils or
megaloblastic erythropoiesis). Patients with borderline serum
cobalamin levels, but no haematological or other abnormality
should, if practicable, be followed, for example at yearly inter-
vals, to ensure that the cobalamin deficiency does not progress.
Alternatively hydroxocobalamin 1 mg every 6 months can be
started. Cobalamin should be given routinely to all patients who
have had a total gastrectomy or ileal resection. Patients who
have undergone gastric reduction for control of obesity or
who are receiving long-term treatment with proton pump
inhibitors should be screened and given cobalamin replacement
as necessary.
Replenishment of body stores should be complete with six

1 mg intramuscular injections of hydroxocobalamin given at 3–
7 day intervals. More frequent doses are usually used in patients
with cobalamin neuropathy, but there is no evidence that these
produce a better response. For maintenance therapy, hydroxo-
cobalamin 1mg intramuscularly once every 3months is satisfac-
tory. In the USA, hydroxocobalamin has not yet been approved
and marketed for purposes of routine cobalamin replacement.
Because of the poorer retention of cyanocobalamin, mainte-
nance treatment protocols generally use higher and more fre-
quent doses (1 mg i.m. monthly). Toxic reactions to cobalamin
therapy are extremely rare and are usually due to contamina-
tion in its preparation rather than to cobalamin itself. Even
when there is complete failure of the physiological IF-dependent
mechanism, large daily oral doses (1mg) of cyanocobalamin can
be used for replacement and maintenance of normal cobalamin
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status, for example in those who cannot have injections. If this
approach is used, it is important tomonitor compliance, particu-
larly with elderly forgetful patients. Sublingual and nasal routes
have also been proposed, but no long-term follow-up data are
available.
Cobalamin therapy has been used in a wide range of con-

ditions such as the chronic fatigue syndrome, multiple scle-
rosis and other neurological diseases in the absence of cobal-
amin deficiency. There are no controlled trials showing that any
benefit is more than a placebo effect.

Treatment of folate deficiency

There is probably never any need to give folic acid parenter-
ally, except in patients receiving parenteral nutrition who cannot
swallow tablets. Oral doses of 5–15 mg folic acid daily are satis-
factory, as sufficient folate is absorbed from these extremely large
doses even in patients with severe malabsorption. The length of
time therapy must be continued depends on the underlying dis-
ease. It is customary to continue therapy for about 4 months,
when all folate-deficient red cells will have been eliminated and
replaced by new folate-replete populations.
Before large doses of folic acid are given, cobalamin deficiency

must be excluded and, if present, corrected, otherwise cobal-
amin neuropathy may develop, despite response of the anaemia
of cobalamin deficiency to folate therapy. Long-term folic acid
therapy is required when the underlying cause of the deficiency
cannot be corrected and the deficiency is likely to recur, for
instance in chronic haemolytic anaemias such as thalassaemia
major and sickle cell anaemia, and in primary myelofibrosis. It
may also be necessary in gluten-induced enteropathy if this does
not respond to a gluten-free diet. Where mild but chronic folate
deficiency occurs, it is preferable to encourage improvement in
the diet after correcting the deficiencywith a short course of folic
acid. In any patient receiving long-term folic acid therapy, it is
important to measure the serum cobalamin level at regular (e.g.
once yearly) intervals to exclude the coincidental development
of cobalamin deficiency.

Folinic acid (5-formyl-THF)

This is a stable form of fully reduced folate. It is given orally
or parenterally to overcome the toxic effects of methotrex-
ate or other dihydrofolate reductase inhibitors (as present in
co-trimoxazole).

Prophylactic folic acid

In over 70 countries, food is fortified with folic acid (in grain or
flour) to reduce the incidence of NTDs. In Europe this has not
occurred, partly due to concern that fortification would delay
the diagnosis of pernicious anaemia and allow a neuropathy to
develop. The levels of fortification recommended, however, are

below those which would elicit a haematological response in
cobalamin deficiency; particularly since small amounts of folic
acid (<400 μg) in any meal would be converted by the gut to
methyl-THF, which cannot be used by cobalamin deficient cells.
Studies have shown no exacerbation by high blood folate levels
of metabolic abnormalities in subjects with low vitamin B12 sta-
tus. Moreover there has been no increase in the proportion of
subjects with low serum cobalamin levels and no anaemia, since
fortification of the diet in the USA since 1998 and no reports
in any country of an increased incidence of cobalamin neuropa-
thy. Concerns about the risk of causing cancer of any type have
been allayed by the meta-analysis involving nearly 50,000 sub-
jects discussed above.

Pregnancy

Folic acid 400 μg daily should be given as a supplement through-
out pregnancy. In women who have had a previous fetus with
an NTD, 5 mg daily is recommended when pregnancy is con-
templated and throughout the subsequent pregnancy. In women
of childbearing age, a supplementary intake of folic acid 400 μg
daily is recommended, so that this extra intake will be present
from conception. Recent studies, however, show poor uptake of
folic acid supplements by women of child-bearing age likely to
become pregnant, especially in certain ethnic groups.

Prematurity

The incidence of folate deficiency is so high in the smallest pre-
mature babies during the first 6 weeks of life that folic acid (e.g.
1 mg daily) should be given routinely to babies weighing less
than 1500 g at birth and to larger premature babies who require
exchange transfusions or develop feeding difficulties, infections
or vomiting and diarrhoea.

Haemolytic anaemia and dialysis
Prophylactic folic acid is usually also given to patients with
chronic haemolytic anaemia, for example sickle cell anaemia, or
those who are undergoing long-term haemodialysis. An annual
serum cobalamin assay is advisable to diagnose any patient
developing the deficiency.

Megaloblastic anaemia not due to
cobalamin or folate deficiency or altered
metabolism

This may occur with many antimetabolic drugs (e.g. hydroxy-
carbamide, cytosine arabinoside, 6-mercaptopurine) that inhibit
DNA replication at a particular point in the supply of pre-
cursors or inhibit DNA polymerase. In the rare disease orotic
aciduria, two consecutive enzymes in purine synthesis are
defective. The condition responds to therapy with uridine,
which bypasses the block. In thiamine-responsive megaloblastic
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anaemia, there is a genetic defect in the high-affinity thiamine
transport (SLC19A2) gene. This causes defective RNA ribose
synthesis through impaired activity of transketolase, a thiamine-
dependent enzyme in the pentose cycle. This leads to reduced
nucleic acid production and consequent induction of cell cycle
arrest or apoptosis. It may be associated with diabetes mellitus
and deafness and the presence of many ringed sideroblasts in
the marrow (see p. 38). The biochemical explanation is unclear
for megaloblastic changes in the marrow in patients with acute
myeloid leukaemia, and other leukaemias andmyelodysplasia in
the absence of cobalamin or folate deficiency.

Other nutritional anaemias

Protein deficiency

Anaemia is usual in children and adults with severe pro-
tein deficiency (kwashiorkor). The anaemia, which may be
partly masked by haemoconcentration, is usually normoblastic,
but megaloblastic changes have been described in 10–60% of
patients in different series. Hypoplasia, or even aplasia, of the
marrow has also been reported. The mechanism by which pro-
tein deficiency causes anaemia is not completely understood.
Lack of protein does not seem to reduce haemoglobin synthesis
directly. Studies in experimental animals suggest that the major
factor is diminution of erythropoietin secretion. This is proba-
bly due to a reduction in general tissue metabolism and there-
fore oxygen consumption, with a consequent reduced stimulus
for erythropoietin secretion. Inmost patients, other factors con-
tribute to the anaemia. These include infections, deficiencies of
folate and iron, and also, possibly, deficiencies of vitamins C, E
and B12, and other trace substances. Riboflavin deficiency may
also contribute to the anaemia and become apparent only during
the response to protein.

Scurvy

There is usually a moderate or severe normocytic, nor-
mochromic anaemia in scurvy because of external haemor-
rhage and haemorrhage into tissues, and from impaired erythro-
poiesis. In some patients, the anaemia is megaloblastic, which
appears to be partly due to associated nutritional folate defi-
ciency and partly due to impairment of folatemetabolism caused
by vitamin C deficiency. However, vitamin C is not established
as playing a role in normal folate metabolism.

Other deficiencies

Deficiencies of nicotinic acid and pantothenic acid cause
anaemia in experimental animals, but have not been shown

to do so in humans. However, riboflavin deficiency may cause
anaemia in humans, resembling the anaemia of protein defi-
ciency. Copper is essential for haematopoiesis and normal iron
metabolism, and deficiency of copper causes an anaemia resem-
bling that of iron deficiency in experimental animals. How-
ever, anaemia due to copper deficiency has never been docu-
mented in humans. Copper excess (as in Wilson disease) causes
a haemolytic anaemia.
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Introduction

Inherited disorders of haemoglobin are the commonest single-
gene disorders, with an estimated carrier rate of 7% among the
world population. They occur at particularly high frequencies
in populations of the tropical and subtropical belt, and consist
mainly of theα- and β- thalassaemias, and the haemoglobin vari-
ants S, C and E. In many low-income countries, as economic
conditions improve and infant death rates from infection and
malnutrition fall, the genetic disorders of haemoglobin start to
become a major burden on the health services, a phenomenon
that has already been observed in many parts of the world. As
a result of migrations of populations, these conditions are being
seen with increasing frequency in many countries in which they
had not been recognized previously.

The structure, genetic control and
synthesis of haemoglobin

Different haemoglobins are synthesized in the embryo, fetus
and adult, each adapted to their particular oxygen requirements
(Figure 6.1). They all have a tetrameric structuremade up of two
different pairs (one α-like and one β-like) of globin chains, each
attached to one haem molecule, the moiety responsible for the
reversible binding and transfer of oxygen.
The embryonic haemoglobins includeHb Portland (ζ2γ2), Hb

Gower 1 (ζ2ε2) and Hb Gower 2 (α2ε2). In the fetus, HbF (α2γ2)
predominates; in adults, HbA (α2β2) comprises over 95% of the

total haemoglobin, with a minor component of HbA2 (α2δ2) in
the red blood cells. There are two kinds of HbF composed of
γ-chains that differ in their amino acid composition at position
136, where they have either glycine or alanine; those with glycine
are called Gγ-chains and those with alanine Aγ-chains. The Gγ
and Aγ chains are the products of separate globin gene loci (Gγ
and Aγ). These different types of haemoglobin are adapted to
the changes in physiological requirements that occur during
development. Fetal haemoglobin (HbF) exhibits a higher oxy-
gen affinity than adult haemoglobins in vivo; the higher oxygen
affinity ofHbF relative to adult haemoglobin facilitates the trans-
fer of oxygen across the placenta from the maternal to the fetal
circulation.
The sigmoid shape of the oxygen dissociation curve, which

reflects the allosteric properties of haemoglobin, ensures that
oxygen is rapidly taken up at the high oxygen tensions found
in the lungs and is released readily at the low tensions encoun-
tered in the tissues. It is quite different to myoglobin, a molecule
that consists of a single globin chain with haem attached to
it and which has a hyperbolic dissociation curve. The transi-
tion from a hyperbolic to a sigmoid curve reflects cooperativity
between the four haemmolecules.Whenone haem takes on oxy-
gen, the affinity for oxygen of the remaining haem molecules of
the tetramer increases markedly. This is because haemoglobin
can exist in two configurations, deoxy(T) and oxy(R) (T and
R stand for tight and relaxed states, respectively). The T form
has a lower affinity than the R form for ligands such as oxygen.
At some point during the sequential addition of oxygen to the
four haems, transition from the T to R configuration occurs and
the oxygen affinity of the partially liganded molecule increases
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Figure 6.1 (a) The genomic structure of the clusters of α-like and
β-like globin genes, on chromosomes 16 and 11, in human beings.
(b) The timeline of the expression of the human globin genes from
early stages of fetal development to the changes that occur at birth

and in the first year of life. (Source: Schechter, 2008 [Blood 2008;
112: 3927–3938]. Reproduced with permission of the American
Society of Hematology.)

dramatically. The oxygendissociation curve,which reflects these
changes, can be modified in several ways. First, oxygen affin-
ity is decreased with increasing CO2 concentrations – the Bohr
effect. This facilitates oxygen loading to the tissues, where a

drop in pH due to CO2 influx lowers oxygen affinity. In con-
trast, in the lungs, efflux of CO2 and an increase in intracel-
lular pH increases oxygen affinity and hence uptake. Oxygen
affinity is also modified by the level of 2,3-diphosphoglycerate
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(2,3-DPG) in the red cell. Increasing concentrations shift the
oxygen dissociation curve to the right (i.e. reduce oxygen affin-
ity), whereas diminishing concentrations have the opposite
effect.

Genetic control, regulation and synthesis

Human haemoglobin production is characterized by two
‘switches’. The switch from embryonic to fetal haemoglobin pro-
duction begins as early as week 5 of gestation and is completed
by week 10 (Figure 6.1). Expression of β-globin starts as early
as week 8, but synthesis remains low, increasing to approxi-
mately 10% at weeks 30–35 of gestation, with a dramatic upreg-
ulation of β-globin synthesis just before birth, coinciding with a
decrease in γ-globin expression that constitutes the fetal to adult
haemoglobin switch. At birth, HbF (α2γ2) comprises 60–80% of
the total haemoglobin, falling to about 5% at 6months of age and
eventually reaching the adult level of 0.5–1.0% at 2 years. The rel-
ative synthesis of Gγ and Aγ chains also changes with the switch,
from a Gγ/Aγ ratio of 3:1 in fetal life to a ratio of 2:3 in adults.
The switch from fetal to adult haemoglobin production is not
total, production of variable levels of HbF persisting throughout
adult life. These residual amounts are unevenly distributed; ery-
throcytes that contain measurable amounts of HbF are termed
F cells.
Each of the α-like and β-like globin chains is encoded by

genetically distinct loci, the α-like cluster on the tip of chromo-
some 16p and the β-like cluster on chromosome 11p15.5 (Figure
6.1). In both clusters, the genes are arranged along the chromo-
some in the order in which they are expressed during develop-
ment: 5′-ε-Gγ-Aγ-ψβ-δ-β-3′ and 5′-ζ-ψζ-ψα2-ψα1-α2-α1–3′.
The ψβ, ψζ and ψα-genes are pseudogenes, that is they have
sequences that resemble the β, ζ or α-genes, but contain inacti-
vating mutations that prevent them from being expressed. They
may be ‘burnt out’ remnants of genes that were functional at
an earlier stage of evolution. Like most mammalian genes, the
globin genes have one or more non-coding inserts, called inter-
vening sequences or introns, interrupting the coding sequences
or exons.
The β-like globin genes have three exons (coding regions)

interrupted by two intervening sequences or introns of 122–130
and 850–900 bp, respectively. The β-genomic sequence codes
for 146 amino acids; intron 1 interrupts the sequence between
codons 30 and 31, and intron 2 between codons 104 and 105. The
α-globin genes code for 141 amino acids and contain similar, but
smaller, introns between codons 30 and 31 and between codons
99 and 100.Within each α- and β-globin complex, in addition to
the primary cis determinants of individual globin gene expres-
sion, which are found in the immediate vicinity and within
each gene, there are other local regulatory elements known as
enhancers, which are located at variable distances from the indi-
vidual genes.

The local cis-acting sequences controlling globin gene expres-
sion include the promoter region, splicing donor and accep-
tors, and poly-A addition sites. The promoter, in the 5′ flanking
region, includes blocks of nucleotide homology that are found in
analogous positions inmany species (Figure 6.2). The three pos-
itive cis-acting elements include the TATA box (position −28 to
−31, i.e. between 28 and 31 bases upstream from themRNA ‘cap’
site), a CCAAT box (position −72 to −76), and a CACCCmotif
which may be inverted or duplicated (position −80 to −140).
These promoter elements are recognized by transcription fac-
tors and are involved in the initiation of transcription. It is inter-
esting that while the CCAAT and TATA elements are found in
many eukaryotic promoters, the CACCC sequence is found pre-
dominantly in erythroid cell-specific promoters.
The 5′ untranslated region (UTR) occupies a region of about

50 nucleotides between the 5′ terminus or ‘cap’ site of globin
mRNA and the initiation (ATG) codon. The cap appears to be
important for maintaining the stability of the nuclear precur-
sor mRNA.Within the 5′-UTR of the various globin genes there
are conserved sequences that are important in the regulation of
gene expression. The 3′-UTR constitutes the region between the
termination codon and the poly-A tail. It consists of about 130
nucleotides with one conserved sequence, AATAAA, located 20
nucleotides upstream of the poly-A tail. The conserved hexanu-
cleotide AATAAA acts as a signal for cleavage of the 3′ end of the
primary transcript and addition of the poly-A tail, which con-
fers stability on the processed mRNA and enhances translation.
The importance of all these cis elements for normal globin gene
expression has been validated by the discovery of thalassaemias
caused by several mutations affecting these regions, as well as by
deletion experiments.
Throughout development, the appropriate genes of the α- and

β-globin gene clusters are coordinately expressed, maintaining a
balance in the production of α- and β-like globins needed for
the synthesis of normal haemoglobin. The regulation of globin
gene expression is mediated at several levels; although most
occurs at the transcriptional level, there is some fine-tuning
during and after translation. Most DNA that is not involved in
gene transcription is tightly packaged into a compact, chemi-
cally modified form that is inaccessible to transcription factors
and polymerases and which is heavily methylated. Activity is
associated with a change in the structure of the chromatin sur-
rounding a gene, which can be identified by enhanced sensitiv-
ity to nucleases. Erythroid lineage-specific nuclease hypersen-
sitivity sites are found at several locations in both the β-globin
and α-globin gene clusters. A set of five DNase I hypersensitiv-
ity sites (designated HSs1–5), distributed 5–25 kb 5′ of the ε-
globin gene, constitute the β-locus control region (β-LCR) (see
Figure 6.1). This region was originally implicated in the control
of the β-globin complex by the discovery of natural mutants that
removed sequences upstream, but left the downstream globin
genes intact and yet resulted in no output from the cluster.
The human β-LCR was the first LCR to be identified and was
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functionally defined as a DNA element that provides high lev-
els of tissue-specific expression to a cis-linked gene in a copy-
number-dependent manner, and which is independent of host-
genome integration site. The corresponding region in the α-
globin cluster consists of four multispecies conserved sequence
(MCS) regions lying 30–70 kb upstream of the α-globin genes
called MCS-R1 to MCS-R4. Of these elements, only MCS-R2,
which consists of a single DNase hypersensitive site, has been
shown to be essential for α-globin expression. MCS-R2, which
lies 40 kb upstream of the cluster, is also known as HS-40. The
β-LCR establishes a transcriptionally active chromatin domain
that encompasses the whole β-globin cluster and acts as a unique
enhancer, whereas the α-globin MCS-R2 is most similar to HS2
of the β-LCR and acts as an enhancer. In both clusters, expres-
sion of the respective genes is critically dependent on the pres-
ence of the upstream regulatory elements.
Several other enhancer sequences have also been identified

in both globin gene clusters. All these regulatory regions bind a
number of key erythroid-specific transcription factors, notably
GATA-1,GATA-2,NF-E2, KLF1 (also known as EKLF) and SCL,
as well as various cofactors (e.g. FOG, p300) and factors that are

more ubiquitous in their tissue distribution, such as Sp1. Tissue-
specific expression may be explained by the presence of binding
sites for the erythroid-specific transcription factors. The bind-
ing of haemopoietic-specific factors activates the LCR, which
renders the entire β-globin gene cluster transcriptionally active.
Transcription factors also bind to enhancer and local promoter
sequences within each gene, which work in tandem to regulate
the expression of the individual genes in the clusters. Some of the
transcription factors are developmental-stage specific and may
be involved in the (still poorly understood) differential expres-
sion of embryonic, fetal and adult globin genes.
The mechanisms by which developmental regulation is con-

trolled are less clear. A dual mechanism has been proposed:
autonomous gene silencing and gene competition for direct
interaction with the upstream LCR. It appears that the ε and
ζ genes are switched on in embryonic cells and autonomously
switched off in definitive cells (liver and bone marrow) in
which they cannot be substantially reactivated. The second
switch, from γ- to β-gene expression, is more complex and
involves both autonomous silencing of the γ-genes and com-
petition between the γ- and β-genes for the β-LCR. The
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transcriptional factor environment is critical in determining the
balance between γ- and β-gene expression and is thought to be
mediated by changes in the repertoire and/or abundance of var-
ious nuclear factors favouring particular promoter–LCR inter-
actions. So far, the best-defined example of a developmental-
stage-specific regulatory factor is the erythroid Krüppel-like fac-
tor (EKLF, also known asKLF1)) withoutwhich the β-genes can-
not be fully activated in the definitive cells. Not only is KLF1
expression restricted mainly to erythroid cells, but it is also a
highly promoter-specific activator, binding with high affinity to
the β-globin CACCC box. Its greater affinity for the β-globin
than the γ-globin promoter accelerates the shutdown of γ in
transgenic mice over-expressing klf1. A genetic network regu-
lating the switch from γ- to β-globin expression has emerged,
involving the interaction of KLF1, BCL11A and MYB with each
other, and other transcription factors (e.g. GATA-1) and core-
pressor complexes that involve chromatin modelling and epi-
genetic modifiers. BCL11A, previously known as an oncogene
involved in leukaemogenesis, was ‘discovered’ as an important
genetic locus regulating HbF through genome-wide association
studies (GWAS). Downstream functional studies in cell lines,
primary human erythroid cells and transgenicmice, have shown
that BCL11A is a repressor of γ-globin expression. KLF1 is a
direct activator of BCL11A. KLF1 is key in the switch from
γ-globin to β-globin expression; it not only activates the β-globin
gene directly, providing a competitive edge, but also silences the
γ-globin genes indirectly via activation of BCL11A. KLF1 may
also play a role in the silencing of the embryonic globin genes.
KLF1 has emerged as a major erythroid transcription factor
with pleiotropic roles underlyingmany of the previously unchar-
acterized anaemias (e.g. congenital dyserythropoietic anaemia
type IV). KLF1 variants have also been associated with variable
increases in HbF and HbA2 levels.

Transcription and processing of mRNA
Genetic information in the DNA of the globin genes is tran-
scribed into an RNA copy which is then translated into a
specific globin chain (Figure 6.2). The TATA box acts as the
initial DNA target for the progressive assembly of an initial tran-
scription complex, which involves the interaction of transcrip-
tion factors, TATA-binding protein and other proteins with the
β-LCR or α-MCS, mediated by RNA polymerase II.
The primary transcript is a large mRNA precursor (pre-

mRNA) that contains both introns and exons. While in the
nucleus, it undergoes a number of modifications before it can be
translated into protein (Figure 6.2). This includes the removal of
introns by a complex series of reactions involving several differ-
ent proteins that constitute the spliceosome, and splicing of the
exons. Consensus sequences are universally found encompass-
ing the 5′ (donor) and 3′ (acceptor) ends. Each intron invari-
antly starts with the dinucleotide GT (5′) and finishes with AG
(3′). Mutations that alter the normal consensus sequences or
mutations that create similar consensus sequences at new sites in

globin genes cause aberrant splicing and constitute the molecu-
lar basis of many types of thalassaemia. Other modifications of
the nascent mRNAs include the addition of a ‘cap’ structure at
the 5′ end and the addition of a string of adenylic acid residues
(poly-A) at the 3′ end. Proper cleavage of the primary RNA tran-
script and polyadenylation of the 3′ ends of mRNA is guided
by a consensus hexanucleotide (AATAAA) sequence about 20
nucleotides upstream of the poly-A tail. The processed mRNA
now moves into the cytoplasm to act as a template for globin
chain production on defined organelles known as ribosomes.

Translation
Amino acids are transported to the mRNA template on carriers
called transfer RNAs; there are specific transfer RNAs for each
amino acid. The order of amino acids in a globin chain is deter-
mined by the order of nucleotides (reading frame); three bases
(codon) code for a particular amino acid. The transfer RNAs also
contain three bases, the anticodon, which are complementary to
mRNA codons for particular amino acids. The transfer RNAs
carry amino acids to the template, where they find the right posi-
tion by codon–anticodon base-pairing. The mRNA is translated
from the 5′ to the 3′ end (left to right) starting with a specific
initiation codon (AUG) and ending with a termination codon
(UAA, UAG, UGA). When the ribosome reaches the termina-
tion codon, translation ceases, the completed globin chain is
released, and the ribosomal subunits fall apart and are recycled.
Individual globin chains combine with haem, which is synthe-
sized through a separate pathway, and with themselves to form
definitive haemoglobin molecules.
Termination codons are also called nonsense codons because

they do not usually encode any amino acid. Approximately 50%
of the mutations causing β-thalassaemia are caused by termina-
tion codons that are premature. Premature termination codons
(PTCs) can result from different types of mutations. Single
nucleotide substitutions can convert a sense codon to a non-
sense codon and are often referred to as nonsense mutations.
Frameshift mutations are insertions or deletions of a few bases
that are notmultiples of three that shift the reading frame, result-
ing in a nonsense codon that is premature (i.e. PTC). mRNAs
with PTCs lead to production of encoded truncated proteins
that are potentially harmful. They are kept in check by a cel-
lular surveillance mechanism referred to as nonsense-mediated
mRNA decay (NMD). NMD is usually triggered when transla-
tion stops prematurely at PTCs, resulting in termination of the
mutant mRNA transcript and thus absence of abnormal protein.
However, PTCs situated less than 50–55 nucleotides upstream of
the 3′-most exon–exon junction or downstream of this junction
generally fail to trigger NMD, and result in production of abnor-
malmRNA species. In the case of the β-globin gene, PTCswithin
the last exon (exon 3) and 3′ half of exon 2 result in the produc-
tion of highly unstable β-globin variant chains and a dominantly
inherited form of β-thalassaemia. However, there are exceptions
to the 50–55 rule; PTCswithin β-globin exon 1 and a PTCwithin
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exon 2 have been reported to fail to elicitNMDefficiently despite
residing more than 55 nucleotides upstream of the exon 2–exon
3 junction.
The multistep process in the conversion of DNA into pro-

tein offers numerous opportunities for mishaps to occur that
result in downregulation of gene expression, clearly illus-
trated by the different mutations causing thalassaemias and
haemoglobinopathies.

Classification of the disorders of
haemoglobin

Mutations in the globin genes can cause a quantitative reduction
in output from that gene, alter the amino acid sequence of the
protein produced or a combination of the two (Table 6.1). Quan-
titative defects cause thalassaemia syndromes, whereas qual-
itative changes, referred to as haemoglobin variants, cause a
wide range of problems, including sickle cell disease (Chap-
ter 7), unstable haemoglobins, decreased oxygen affinity,
increased oxygen affinity, and methaemoglobinaemia. How-
ever, the majority of qualitative mutations cause no significant
change in haemoglobin properties or clinical problems. Some

Table 6.1 The thalassaemias and related disorders.

𝛽-Thalassaemia
β0
Deletion
Non-deletion

β+
‘Silent’
Normal HbA2
Dominant

𝛼-Thalassaemia
α0
α+
Deletion (/−α)
Non-deletion (/αTα)

𝛿𝛽-Thalassaemia
GγAγ (δβ)0
Gγ (Aγδβ)0
(δβ)+

𝛾-Thalassaemia

𝛿-Thalassaemia

𝜀𝛾𝛿𝛽-Thalassaemia

Hereditary persistence of fetal haemoglobin
Deletion
Non-deletion

Aγ
Gγ

mutations combine both features, resulting in a haemoglobin
variant that is made in reduced amounts; HbE (β26 Glu→Lys)
is the most common example of this. The substitution at codon
26 (GAG→AAG), which causes HbE, also causes alternative
splicing of the β-globin mRNA, leading to a reduction in the
normally spliced β-message encoding the variant, and a thalas-
saemia phenotype. Other haemoglobin variants result in a tha-
lassaemia phenotype caused by extreme instability and func-
tional deficiency of the globin chain variant; for example, Hb
Geneva, a dominantly inherited β-thalassaemia. Mutations in
the globin gene complex might also alter the switch from fetal to
adult haemoglobin synthesis, resulting in persistence of γ-globin
expression, and hereditary persistence of fetal haemoglobin
(HPFH).

The thalassaemias and related disorders

The thalassaemias are the commonest single-gene disorders.
Thalassaemia was first recognized by Cooley and Lee in 1925 as
a formof severe anaemia associatedwith splenomegaly and bone
changes in children. The term ‘thalassaemia’ is derived from the
Greek θαλασσα-(meaning ‘the sea’) sincemany of the early cases
came from the Mediterranean region. However, it is now clear
that the disorder is not just limited to the Mediterranean region,
but occurs throughout the world, prevalent in the tropical and
subtropical regions, including the Middle East, parts of Africa,
Indian subcontinent and Southeast Asia. It appears that het-
erozygotes for thalassaemia are protected from the severe effects
of malaria and natural selection has increased and maintained
their gene frequencies in these malarious regions.

Definition and classification

The thalassaemias are classified into α-, β-, δβ-, γδβ-, δ-, γ-
and εγδβ-thalassaemias, according to the type of globin chain(s)
that is produced in reduced amounts (Table 6.1). The two major
categories are the α- and β-thalassaemias, while the rare forms
include the γ-, δ- and εγδβ- thalassaemias.
Functionally, some thalassaemia mutations cause a complete

absence of globin chain synthesis, and these are called α0- or
β0-thalassaemias; in others, the globin chain is produced at a
reduced rate and these are designated α+- or β+-thalassaemias.
The δβ-thalassaemias are subdivided in the same way. HPFH
syndromes refer to the group of disorders in which the switch
from fetal to adult haemoglobin production is incomplete and
variable levels of fetal haemoglobin levels persist in otherwise
normal individuals. Because of their concomitant increasedHbF
levels, the δβ- and γδβ-thalassaemias are often considered with
the HPFH syndromes.
Because thalassaemia occurs in populations in which struc-

tural haemoglobin variants are common, it is not unusual to
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inherit a thalassaemia gene from one parent and a gene for a
structural haemoglobin variant from the other. Furthermore,
both α- and β-thalassaemia occur commonly in some countries,
and individuals may coinherit genes for both types. These dif-
ferent interactions produce a clinically diverse family of genetic
disorders that range in severity from death in utero to extremely
mild, symptomless, hypochromic anaemias.
Most thalassaemias are inherited in a Mendelian recessive

fashion. Heterozygotes are mostly symptomless, although usu-
ally they can be recognized by simple haematological analy-
sis. More severely affected patients are either homozygotes for
α- or β-thalassaemia or compound heterozygotes for different
molecular forms of α- or β-thalassaemia or for one or other
form of thalassaemia and a gene for a haemoglobin variant.
Clinically, the thalassaemias are classified according to their
severity into major, intermediate and minor forms. Thalas-
saemia major is a severe and transfusion-dependent disorder.
Thalassaemia minor is the symptomless trait or carrier state.
Thalassaemia intermedia is characterized by anaemia (with
or without splenomegaly), though not of such severity as to
require regular transfusion. In practice, thalassaemia interme-
dia encompasses a wide spectrum of clinical severities interme-
diate between the two extremes of thalassaemia major and trait.
Thalassaemia intermedia, also referred to as non-transfusion-
dependent thalassaemia (NTDT) remains a clinical definition
and includes β-thalassaemia intermedia, HbH disease and the
HbE/βthalassaemias.

The 𝛃-thalassaemias

The β-thalassaemias pose by far the most important public
health problems because they are common and usually produce
severe anaemia in their homozygous and compound heterozy-
gous states.

Distribution
The β-thalassaemias occur widely in a broad belt, ranging
from the Mediterranean and parts of North and West Africa
through the Middle East and Indian subcontinent to South-
east Asia. The disease is particularly common in Southeast
Asia, where it occurs in a line starting in southern China and
stretching down through Thailand and the Malay Peninsula
and Indonesia to some of the Pacific island populations. In this
region, and in some of the Mediterranean island and mainland
countries, gene frequencies range between 2 and 30%. It should
be remembered that β-thalassaemia is not confined entirely to
these high-incidence regions and it occurs sporadically in every
racial group.

Genetic basis of disease: molecular pathology
The β-thalassaemias are considered to be autosomal recessive
disorders since individuals who have inherited one abnormal
β-gene (carrier) are asymptomatic and the inheritance of two

abnormal β-globin genes is required to produce a clinically
detectable phenotype. Molecular analysis of the β-thalassaemia
genes has demonstrated a striking heterogeneity. Although
almost 300 β-thalassaemia alleles (including deletions) have
been characterized, population studies indicate that probably
only 20 β-thalassaemia alleles account for more than 80% of the
β-thalassaemia mutations in the whole world. This is because in
each of the high-frequency areas, only a few (four to six) muta-
tions are common, reflecting local selection due tomalaria, with
a varying number of rare ones. Each of these populations thus
has its own unique group of mutations.
The vast majority (approximately 250) of β-thalassaemia

mutations are point mutations (i.e. single-base substitutions)
and small insertions or deletions of one to two bases. These may
involve any step in globin chain production: transcription, trans-
lation or post-translational stability of the globin gene product
(Figure 6.2). Approximately half of these mutations completely
inactivate the β-gene with no β-globin production resulting in
β0-thalassaemia. Mutations that allow the production of some
β-globin cause β+- or β++-thalassaemia, depending on whether
there is a marked or mild reduction in the output of β-chains,
respectively.

Transcription
Themutations that interferewith transcription include deletions
and pointmutations involving the globin gene promoter regions.
With the exception of a deletion of about 600 bases at the 3′ end
of the β-globin gene, which is restricted to certain Indian popu-
lations, major deletions are uncommon. A large number of point
mutations involve the promoters or adjacent regions, most of
which downregulate the β-globin gene to a variable degree and
cause relatively mild forms of β-thalassaemia.
A couple of β-thalassaemia mutations in this class are ‘silent’

i.e. carriers do not have any evident haematological phenotypes,
with red cell indices and HbA2 levels within the normal range,
the only abnormality being imbalanced globin chain synthe-
sis. These β-thalassaemia mutations have usually been ‘discov-
ered’ in individuals with thalassaemia intermedia resulting from
compound heterozygosity for one of those ‘silent’ mutations
in combination with a typical β-thalassaemia mutation. In this
case, one parent has typical β-thalassaemia trait and the other is
apparently normal. Overall, the ‘silent’ β-thalassaemia alleles are
uncommon, except for the −101 C→T mutation that has been
observed fairly frequently in the Mediterranean region, where it
interacts with a variety of more severe β-thalassaemia mutations
to produce milder forms of β-thalassaemia intermedia.

Processing
A wide variety of mutations interfere with processing of the pri-
marymRNA transcript. Those involving the invariant GT or AG
sequences at intron–exon junctions prevent splicing altogether
and cause β0-thalassaemia. Mutations involving the consensus
sequences adjacent to the GT or AG dinucleotides in the introns
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allows some normal splicing and causes β+-thalassaemia. Sev-
eral β-thalassaemia mutations involve other parts of the introns;
alternative splicing sites are produced leading to variable degrees
of both normal and abnormal mRNA synthesis. An incor-
rectly spliced mRNA is not functional because it contains intron
sequences, generating a frameshift and a PTC. Sequences that
resemble the consensus sequences at intron–exon junctions are
also present in exons.Mutationsmay activate these ‘cryptic’ sites,
again leading to abnormal splicing.

Translation
About half of the β-thalassaemia alleles completely inactivate
the gene, mostly by generating PTCs, either by single-base sub-
stitution to a nonsense codon or through a frameshift muta-
tion. As part of the surveillance mechanism that is active in
quality control of the processed mRNA, mRNA harbouring a
PTC is destroyed and not transported to the cytoplasm (a phe-
nomenon called NMD) to prevent the accumulation of mutant
mRNAs coding for truncated peptides. However, some in-phase
PTCs that occur later in the β-sequence, in the 3′ half of exon
2 and in exon 3, escape NMD and are associated with sub-
stantial amounts of mutant β-mRNA, leading to synthesis of
β-chain variants that are highly unstable and non-functional
with a dominant negative effect (see next section). Other muta-
tions of RNA translation involve the initiation (ATG) codon.
Nine of these have been described; apart from an insertion
of 45 bp, all are single base substitutions and again result in
β0-thalassaemia.

Mutations affecting post-translational stability
Instability of the β-globin gene product is the basis for the dom-
inantly inherited β-thalassaemias (Figure 6.3). As discussed ear-
lier, in-phase PTCs within the 3′ half of exon 2 and in exon 3
cannot efficiently elicit NMD and hence abnormal mRNA con-
taining the PTCs are transported to the cytoplasm and trans-
lated. However, these truncated variant β-chains are highly

unstable, non-functional and not able to form viable tetramers.
They precipitate in the erythroid precursors together with the
redundant α-chains, causing premature death of these cells, and
accentuating the ineffective erythropoiesis. Severe anaemia and
clinical disease results even in the heterozygous state. Highly
unstable β-globin chains can also result from single-base sub-
stitutions or minor insertions/deletions that affect a critical
amino acid of the β-globin peptide that is involved in α/β-
dimer formation or haem binding. In other cases, the minor
insertions/deletions lead to shifts in the reading frame result-
ing in long unstable β-globin gene products that formprominent
inclusion bodies in red cell precursors.

Deletions restricted to the 𝛃-globin gene
β-Thalassaemia is rarely caused by deletions (Figure 6.4). Of
these, only the 619-bp deletion at the 3′ end of the β-gene is
common, but even that is restricted to the Sind populations
of India and Pakistan where it constitutes about 30% of the β-
thalassaemia alleles. The other deletions, although extremely
rare, are of particular clinical interest because they are associ-
ated with unusually high levels of HbA2 and HbF in heterozy-
gotes. The increase in HbF is adequate to compensate for the
complete absence of HbA in homozygotes for these deletions.
Themechanism underlying the elevated levels of HbA2 andHbF
appears to be related to removal of the 5′ promoter region of
the β-globin gene, which removes competition for the upstream
β-LCR and limiting transcription factors, resulting in increased
interaction of the LCR with the γ- and δ-genes in cis, thus
enhancing their expression. This mechanism may also explain
the unusually high HbA2 levels that accompany the point muta-
tions in the β-promoter region.

Unusual causes of 𝛃-thalassaemia
These are extremely rare and are mentioned here not just for
the sake of completeness, but also to illustrate the numerous
molecular mechanisms that downregulate the β-globin gene.

Recessive
β thalassaemia

Excessive
α chains

Excessive
α chains

α2β2 plus
redundant α

Proteolysis
Thalassaemia trait

Dominantly inherited
β thalassaemia

α2β2 plus
redundant α
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Proteolytic overload
Inclusion bodies
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α2 β β∗ α2 β β∗α2 β β∗

Heinz body
haemolytic anaemia

Highly
unstable
β variant

α2β2 plus
unstable α2β∗

2

Unstable α2β∗
2

Peripheral 
haemolysis

Figure 6.3 Heterozygous mutations in the
β-globin gene and the different
phenotypes.
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Figure 6.4 Deletions causing
β-thalassaemia. The vertical bar indicates
the β-globin promoter region that is
removed in common by these deletions,
except for the 619 bp deletion. The
horizontal arrows indicate that the 3′ end
of the deletions have not been defined.

Transposable elements may occasionally disrupt human genes
and result in their inactivation. The insertion of such an ele-
ment, a retrotransposon of the LI family, into intron 2 of the β-
globin gene has been reported to cause β+-thalassaemia. Rarely,
mutations in other genes distinct from the β-globin complex can
downregulate β-globin expression. Such trans-acting mutations
have been described, affecting the XPD protein, which is part of
the general transcription factor TF11H, and the key erythroid-
specific transcription factor GATA-1. Somatic deletion of the
β-globin gene contributed to thalassaemia intermedia in three
unrelated families of French and Italian origins. The affected
individuals with thalassaemia intermedia were constitutionally
heterozygous for β0-thalassaemia, but subsequent investigations
revealed a somatic deletion of chromosome 11p15, including the
β-globin gene complex, in trans to the mutation in a subpopula-
tion of erythroid cells. This results in a somatic mosaic: 10–20%
of the cells were heterozygous with one normal copy of the β-
globin gene, and the rest hemizygous (i.e. without any normal
β-globin gene). Unusually severe anaemia can also result from
uniparental isodisomy of chromosome 11p, which encompasses
the β-globin gene complex. In one case, thalassaemia major in
a Chinese patient was caused by homozygosity for a paternal β-
thalassaemia allele due to unipaternal isodisomyof chromosome
11p15.5, and in another, a previously healthy Portuguese adoles-
cent carrier for β-thalassaemia became transfusion-dependent
due tomosaicism of chromosome 11p14.3-11p15 that contained
a β0 CD15 mutation.

Pathophysiology
The molecular defects in β-thalassaemia result in absent or
reduced β-chain production while α-globin synthesis is unaf-
fected. The imbalance in globin chain production leads to an
excess of α-chains. The free α-globin chains are highly unsta-
ble and precipitate in red cell precursors, forming intracellular
inclusions that interfere with red cell maturation (Figure 6.5).
There is a variable degree of intramedullary destruction of ery-
throid precursors (i.e. ineffective erythropoiesis) that character-
izes all β-thalassaemias. Those red cells that mature and enter
the circulation contain α-chain inclusions that interfere with
their passage through the microcirculation, particularly in the
spleen. However, the damage to red cell precursors and their
progeny in β-thalassaemia is not entirelymechanical. The degra-
dation products of excess α-chains, particularly haem and iron,
produce a wide range of deleterious effects on red cell mem-
brane proteins and lipids, manifested by marked abnormali-
ties of electrolyte homeostasis and membrane deformability.
The end result is an extremely rigid red cell with a shortened
survival.
Thus, the anaemia of β-thalassaemia results from a combi-

nation of ineffective erythropoiesis and haemolysis. It stimu-
lates erythropoietin production, which causes expansion of the
bone marrow and may lead to serious deformities of the skull
and long bones. Because the spleen is being constantly bom-
barded with abnormal red cells, it hypertrophies. The resulting
splenomegaly, together with bone marrow expansion, causes a
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Figure 6.5 The pathophysiology of β-thalassaemia. BM, bone marrow; Epo, erythropoietin. (Source: Thein, 2004 [Br J Haematol 124:
264–74]. Reproduced with permission of Wiley.)

major increase in plasma volume, which also contributes to the
anaemia.
As mentioned previously, HbF production almost ceases after

birth. However, some adult red cell precursors retain the abil-
ity to produce a variable amount of γ-chains. Because the lat-
ter can combine with excess α-chains to form HbF, cells which
make relatively more γ-chains in the bone marrow are partly
protected against the deleterious effect of α-chain precipitation.
These F cells come under selection in themarrow and peripheral
blood and thus individuals with β-thalassaemia have variable
increases inHbFdue to selective survival of these F cells. In some
cases, there is also a genuine increase in HbF production, as
well as selection of F cells due to coinheritance of genetic deter-
minant(s), or quantitative trait loci (QTL), which increase HbF
production.
It follows therefore that if the anaemia is corrected with blood

transfusion, the erythropoietin drive is shut off, growth and
development are normal, bone deformities do not occur and
splenomegaly is less marked. On the other hand, each unit of
blood contains 200–250 mg of iron, and with regular transfu-
sion there is steady accumulation of iron in the liver, endocrine
glands and myocardium. Thus, although well-transfused tha-
lassaemic children grow and develop normally, they die of iron
overload unless steps are taken to remove iron.

Genotype–phenotype relationships
The β-thalassaemias show remarkable phenotypic variability,
ranging from severe life-threatening anaemia to an extremely

mild condition that may be identified only by chance. The
molecular basis for this diversity is at least partly understood.
The genetic modifiers of the β-thalassaemia phenotype

can be divided into primary, secondary and tertiary (Fig-
ure 6.5). Primary modifiers are the different mutations that
affect the β-globin gene. These have variable effects on β-
globin gene expression that may affect the output of β-globin
chains, ranging from zero to a very mild reduction. Secondary
modifiers are those that reduce the degree of imbalance of
globin chain synthesis. They include the coinheritance of α-
thalassaemia and a variety of genetic modifiers of γ-chain
production in adult life. Three major QTLs – Xmn1-Gγ site,
HBS1L-MYB intergenic polymorphisms (HMIP) on chromo-
some 6q, and BCL11A gene on chromosome 2 – have recently
been mapped, and it seems likely that many remain to be
discovered.
Coinheritance ofα-thalassaemia reduces chain imbalance and

disease severity in individuals who have inherited two copies
of β-thalassaemia alleles, while the increased output of α-globin
through coinheritance of extra α-globin genes in β-thalassaemia
heterozygotes increases chain imbalance, converting a typically
asymptomatic state to that of thalassaemia intermedia. The out-
come depends on the number of α-globin genes inherited as one
or two copies of triplicated (/ααα) or quadruplicated (/αααα)
α-globin complexes, and the type of β-thalassaemia mutation
(β0 or β+). A rarer mechanism of inheriting extra α-globin
genes involves segmental duplication of the whole α-globin gene
cluster.
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Tertiary modifiers are those that affect the complications of
disease; the severity of bone disease, iron loading and jaun-
dice may be affected by polymorphisms of genes involved in the
metabolic pathways concerned with these complications. Bone
mass, likeHbF, is a quantitative trait under strong genetic control
involving multiple QTLs, those implicated including oestrogen
receptor gene, vitamin D receptor (VDR) gene, collagen type α1
genes and transforming growth factor β1 (TGFB1) gene. Stud-
ies have shown that the levels of bilirubin and incidence of gall-
stones are related to a polymorphic variant (seven TA repeats)
in the promoter of the uridine diphosphate glucuronosyltrans-
ferase 1A (UGT1A1) gene, also referred to as Gilbert syndrome.
Iron loading in β-thalassaemia results not just from blood trans-
fusion, but also from increased iron absorption. Variants in the
HFE gene have a modulating effect on iron absorption, and as
other genes in iron homeostasis become uncovered, it is likely
that there will be genetic variants in these loci that influence the
different degrees of iron loading in β-thalassaemia. Similarly, it
seems very likely that the propensity to infection is modified
by polymorphisms involving the immune system and its regu-
lation. Finally, it should be remembered that environmental fac-
tors, long neglected, may also play an important role in modify-
ing the β-thalassaemic phenotype.

Clinical findings in severe 𝛃-thalassaemia
In many high-income countries, neonatal screening pro-
grammes will first identify infants with more severe forms of
β-thalassaemia, before the development of any symptoms; in
some cases, antenatal screening of the parents and possibly
prenatal diagnosis will have identified the fetus to be at high
risk of β-thalassaemia before birth. Mutations in the β-globin
gene almost never cause clinical symptoms in utero or neona-
tally due to the predominance of γ-globin at this stage. How-
ever, in many countries, neonatal screening programmes do not
exist and diagnosis in the child will depend on their symp-
tomatic presentation. Severe β-thalassaemia usually presents in
the first year of life. Typically there is failure to thrive, with
poor weight gain and growth with developmental delay. The
parents may have noticed that the infant is pale and jaun-
diced, with a protruding abdomen. There may be a family his-
tory of severe anaemia, and typically the family will not be
of northern European origin. Examination confirms the pallor
and jaundice, with palpable hepatosplenomegaly. There may be
evidence of marked erythroid hyperplasia, with typical ‘thalas-
saemic facies’ including expansion of the skull vault and maxil-
lary bones. The symptoms and signs are not specific and differ-
ential diagnoses include gastrointestinal or hepatic disease, and
malignancy.

Laboratory diagnosis of severe 𝛃-thalassaemia
In untransfused patients with severe β-thalassaemia, the full
blood count shows severe anaemia with the haemoglobin usu-
ally less than 50 g/L. Mean corpuscular haemoglobin (MCH)

Figure 6.6 The peripheral blood appearances in β-thalassaemia.

and mean corpuscular volume (MCV) are low, with a very wide
red cell distribution width. The nucleated cell count may be very
high due to the presence of large numbers of nucleated red cells.
A blood film showsmarked anisopoikilocytosis, with basophilic
stippling and small red cell fragments (Figure 6.6). The reticu-
locyte count is elevated, but less than expected for the degree
of anaemia, due to the ineffective erythropoiesis. Renal func-
tion is normal, but liver function tests show elevation of biliru-
bin, aspartate aminotransferase and lactate dehydrogenase, with
a normal alanine aminotransferase. Erythropoietin levels will
be high, with soluble transferrin receptor levels up to 30 times
greater than normal. White cell and platelet counts should be
normal unless there is hypersplenism. A bonemarrow aspirate is
not essential to make the diagnosis, but if performed shows very
marked erythroid hyperplasia, with dyserythropoiesis. Many of
the erythroid precursors show inclusions after incubation with
methyl violet; similar inclusions are found in the peripheral red
cells after splenectomy. Immunoelectron microscopy confirms
that the inclusions in β-thalassaemia consist of precipitated α-
globin chains.
Haemoglobin analysis is needed to confirm the diagnosis,

typically using either electrophoretic or chromatographic tech-
niques. This will usually show an increased amount of HbA2,
with the vast majority of the remainder consisting of HbF;
small amounts of HbA may be present depending on the β-
globin mutation, the age of the child and whether the child has
been transfused. Absence of HbA confirms a diagnosis of β0-
thalassaemia, while presence of HbA (pretransfusion sample)
confirms β+-thalassaemia. Testing of the parents should confirm
the diagnosis, both typically being carriers of β-thalassaemia,
with HbA2 levels greater than 3.5% and MCH below 27 pg.
These findings are sufficient to make a diagnosis of severe β-
thalassaemia, although where DNA analysis is available it is
often used to identify the β-globin mutations and confirm the
diagnosis.
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Management of severe 𝛃-thalassaemia
Any child presenting in the first year of life with the features
described above is likely to require regular red cell transfusions
to grow and develop normally; this is referred to as thalas-
saemia major. If such children are not transfused regularly, as
happened historically, and as happens currently in many low-
income countries, progressive deterioration occurs. Growth and
development continue to be severely impaired. The child often
has muscle wasting due to increased metabolic demands, and
in particular may become folate deficient. The spleen and liver
become progressively enlarged; the spleen can become massive
with hypersplenism and resulting cytopenias. There is marked
erythroid hyperplasia with bony distortion and extramedullary
haemopoiesis. Bones become enlarged, and this ismost apparent
in the face, with maxillary hyperplasia, dental malocclusion and
development of a ‘tower’ skull. Extramedullary haemopoiesis
can occur anywhere but is typically paraspinal and may cause
compression of spinal nerves with resulting pain and weak-
ness; intracranial haemopoiesis may cause cranial neuropathies
and symptoms of raised intracranial pressure. There is an
increased tendency to infection, and without transfusion the
child typically dies from either infection or high-output car-
diac failure. Radiography may show lacy trabecular patterns
in long bones and a ‘hair-on-end’ appearance of the skull
(Figure 6.7).
This picture is completely transformed by an appropriate

transfusion regimen. The decision to start regular blood trans-
fusions is based on clinical factors, and not dependent on a par-
ticular haemoglobin level or molecular diagnosis. Occasional
blood transfusions may be necessary because of an acute exac-
erbation of anaemia, often related to infection, and do not nec-
essarily mean that the child is transfusion dependent. It is a
bigger decision to institute a regular transfusion regimen, in
that typically transfusions are then continued lifelong. Stopping

Figure 6.7 Radiograph of a skull of a thalassaemia major patient
showing ‘hair-on-end’ appearance.

transfusions in a child or adult who is adapted to a high
haemoglobin level inevitably results in a prolonged period of
symptomatic anaemia and ill health, which may not be tol-
erated. Regular transfusions should be started if the child is
failing to thrive, or if erythroid expansion is causing bony
distortion or hypersplenism; abnormal facial appearances, if
allowed to progress, may be irreversible without maxillofacial
surgery.

Blood transfusions
The aim of regular transfusions is to correct anaemia and sup-
press the abnormal erythroid hyperplasia. Correcting anaemia
improves oxygen delivery to the tissues and facilitates normal
growth and development. Suppression of erythropoiesis limits
damage to bones, reduces excessive iron absorption and reduces
extramedullary haemopoiesis. Measurement of soluble transfer-
rin receptor levels, which are proportionate to the size of the
erythron, suggest that suppression of erythropoiesis requires the
haemoglobin to be kept above 95 g/L; in practice this means
aiming for a pretransfusion haemoglobin of 90–100 g/L. This
can usually be achieved by regular red cell transfusions every 2–
4 weeks, with a post-transfusion haemoglobin target of 130–150
g/L. If venous access is difficult, as is often the case in young chil-
dren, it is sometimes beneficial to insert a semi-permanent cen-
tral venous access device, such as a Portacath or Hickman line.
The majority of thalassaemia patients are treated with simple
top-up transfusions. An alternative involves regular exchange
transfusion in which blood is both removed by venesection and
transfused; this can be performed either manually or automati-
cally using an apheresis machine. The main advantages are that
transfusion can be less frequent, at intervals of up to 6weeks, and
iron loading is significantly less, as blood is also removed. Dis-
advantages include increased expense and time, increased donor
exposure with risk of infection and alloimmunization, and dif-
ficulties with venous access.
Ideally transfusions are with packed red blood cells. Leu-

codepleted blood reduces the risk of transfusion reactions and
cytomegalovirus infection, and should be used where available.
When the ethnicity of the blood donor population differs from
that of the recipient thalassaemia population, as occurs in north-
ern Europe, the USA and Australia, the transfused red cells
should be matched for an extended range of blood groups to
minimize the risk of alloimmunization; typically, full match-
ing for all Rh and Kell groups, in addition to ABO, is of ben-
efit. Blood grouping based on DNA analysis offers potential
benefits, by identifying variant blood groups that may not be
uncovered using serological testing. This is particularly rele-
vant for Rh variants, which are responsible for an increasing
proportion of alloantibodies as serological grouping becomes
morewidespread. Before starting transfusions the patient should
be vaccinated against hepatitis B, and ideally also against
hepatitis A.
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Iron overload
Iron overload inevitably complicates regular blood transfusions
and is the source of many serious complications. Each unit of
transfused blood contains about 200–250 mg iron, compared
with the 1 mg iron normally absorbed each day. Hepcidin is
an important negative regulator of iron absorption, but in tha-
lassaemia major and intermedia, hepcidin levels remain inap-
propriately low, despite increased iron stores. Recently, a new
hormone, erythroferrone (ERFE) that inhibits hepcidin synthe-
sis during stress erythropoiesis, has been identified. ERFE is
an erythroid regulator secreted by differentiating erythroblasts;
greatly increased levels of ERFE were found in mice with tha-
lassaemia intermedia, providing an explanation for the inappro-
priately low hepcidin and increased iron stores. ERFE is thus a
strong candidate for the low hepcidin levels encountered in β-
thalassaemia where there is a large component of ineffective ery-
thropoiesis. Growth differentiating factor-15 (GDF-15) which is
produced by erythroid precursors and reaches very high levels
in thalassaemia major due to erythroid hyperplasia, has previ-
ously been suggested as a pathological suppressor of hepcidin in
thalassaemia, but, to date, there is no definitive evidence for its
role in suppression of hepcidin (Chapters 3 and 4). Iron is ini-
tially stored in macrophages within the liver, and is chaperoned
around the body bound to transferrin. As transferrin becomes
saturated, labile, more toxic forms of iron appear in cells and
plasma, referred to as non-transferrin-bound iron (NTBI). It is
thought that NTBI is responsible for most of the iron toxicity,
including iron loading into cardiac and endocrine tissues. Once
in cells, the iron causes oxidative tissue damage, mostly through
the generation of free radicals.
Iron overload and chelation is discussed in more detail in

Chapter 4. Before iron chelation was available, most regu-
larly transfused patients with thalassaemia died in their late
teens, mainly from cardiac iron deposition causing heart fail-
ure. Endocrine failure was also inevitable, with diabetes melli-
tus, hypothyroidism, hypoparathyroidism, hypogonadism and
hypopituitarism. With good iron chelation life expectancy is
open-ended, and there is an established link between the effi-
cacy of iron chelation and life expectancy.
The body has no mechanism for excreting iron and iron-

chelating drugs are necessary to avoid toxic iron accumulation.
Iron chelation is usually started after about 1 year of monthly
blood transfusions. Ideally, children delay starting chelation
until they are 3 years old, as drug toxicity is thought to be highest
in the young; it is usually necessary to start chelation earlier in
children who start transfusions in the first year of life, although
in general low doses are used.
Currently, three drugs are used for iron chelation: desfer-

rioxamine, deferiprone and deferasirox. Desferrioxamine has
been in clinical use since the 1970s and is known to be safe
and effective; side-effects seem only to occur when the drug is
used in high doses or iron stores are low. Important side-effects
include ocular and retinal toxicity, growth impairment and

cartilaginous dysplasia. Yersinia enterocolitica infection is
increased in iron overload, particularly if desferrioxamine is also
in use. Regular use of desferrioxamine has been found to pro-
long survival in several observational studies. The main prob-
lem is that it has to be given by injection; the most commonly
used regimen involves overnight subcutaneous infusions given
over 8 hours using a syringe driver or balloon-pump. To achieve
negative iron balance in a regularly transfused person requires
a dose of 40 mg/kg five times a week. The subcutaneous route
is inevitably a cause of poor adherence to treatment regimens
because of the pain and inconvenience. Historically, therefore,
many patients have developed life-threatening iron overload
despite the availability of desferrioxamine, with median age of
death being 30–40 years. Deferiprone was developed in the UK
about 30 years ago and was licensed in Europe in 1999, and the
USA in 2011. Initial trials demonstrated its efficacy, although
subsequent studies suggested that there may be individual vari-
ation in response requiring higher dosage up to 100 μg/kg/day
instead of 75 μg/kg/day. Arthropathy and agranulocytosis are
potentially serious side-effects and it is currently recommended
that people taking the drug have full blood counts every week.
Despite concerns about its safety and efficacy, deferiprone seems
to be particularly effective at removing cardiac iron, which is
possibly linked to improved cardiac function and reduced car-
diacmortality. It is increasingly used in combinationwith desfer-
rioxamine. Deferasirox is a rationally designed oral iron chela-
tor that has been approved in the USA and Europe since the
mid-2000s. Large clinical trials have demonstrated its efficacy in
thalassaemia. It effectively removes hepatic iron, with increas-
ing evidence that it also removes cardiac iron. Clinical trials
are beginning to address its use in combination with other
chelators.
It is important tomonitor iron stores regularly in transfusion-

dependent patients who are receiving iron chelation. Monitor-
ing the volume of transfused blood allows the iron input to
be calculated and can be valuable when choosing the dose of
iron chelator. Serum ferritin is proportional to the amount of
stored iron in the liver and can be used to effectively monitor
iron overload, particularly if serial measurements are used. Fer-
ritin is artificially elevated by any inflammatory process, which
can cause misleading results, particularly if there is coinciden-
tal hepatitis. Liver iron can be accurately assessed using liver
biopsy, but this is invasive with a risk of complications. Increas-
ingly, magnetic resonance imaging (MRI) is used to quanti-
tate liver iron, with the R2 method being approved by both
European and North American authorities. Cardiac MRI is an
important way of identifying those patients with significant car-
diac iron, which allows chelation to be targeted to the heart,
using either continuous intravenous desferrioxamine or a com-
bination of desferrioxamine and one of the oral iron chela-
tors. Iron monitoring and chelation are very expensive and
not available to most patients in the world with thalassaemia
major.
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Monitoring and annual review of patients with
thalassaemia major
The aim of regular transfusions is to allow the child to grow and
develop normally, and for the quality and quantity of life to be as
close to normal as possible. This requires the child to be closely
monitored, and this is ideally done in a centre with expertise in
the condition, often in the form of an annual review. Each year
the volume of transfused blood (expressed as mL/kg) should be
recorded; if the transfusion requirement is high, exceeding 200–
250 mL/kg, this suggests the possibility of hypersplenism, and
if the spleen is enlarged splenectomy may significantly reduce
the rate of transfusion and iron loading. Splenectomy would not
normally be considered before the age of 6 years, and there is
emerging concern that it may increase the risk of pulmonary
hypertension and other vascular complications in later life.
Growth should be carefully monitored in children, including

annual measurement of sitting height to assess spinal growth;
desferrioxamine toxicity has been specifically linked to impaired
spinal growth. Blood tests should be performed each year to
look for endocrinopathy, including fasting glucose, thyroid-
stimulating hormone, parathyroid hormone, insulin-like growth
factor 1 and sex hormone levels. Hepatic and renal function
should be monitored regularly, together with hepatitis serology.
Cardiac assessment should include an ECG, echocardiogram
and increasingly MRI, which can assess both ejection fraction
and iron loading; MRI is not tolerated by children under the age
of 7 years without general anaesthesia or sedation, and is not
usually justified at this age unless there is strong suspicion of
cardiac or other problems. Osteopenia is more common in chil-
dren and adults with thalassaemia major, and bone densitome-
try should bemonitored regularly from the age of about 10 years.
Vitamin D levels should be measured regularly and optimized,
with oral supplements of cholecalciferol or ergocalciferol being
necessary in most countries. There is evidence that bisphospho-
nates may be effective in preventing and treating osteopenia in
adults with thalassaemia, although their role in children is less
established, with concern about their effects on growth. Dietary
and psychological support are also often beneficial. In general,
the organization and provision of all this care requires a multi-
disciplinary team, including paediatricians, haematologists, car-
diologists, endocrinologists, nurse specialists and psychologists.

Stem cell transplantation in severe thalassaemia
Stem cell transplantation is generally seen as the treatment of
choice if there is an HLA-identical sibling and it is clear that the
child is transfusion dependent. The success of stem cell trans-
plantation is generally reduced as children get older, iron over-
load increases and iron-related organ damage increases. Under
optimal circumstances the transplant is successful in more than
90% of cases. The main complications are severe infection dur-
ing the period of transplantation and either acute or chronic
graft-versus-host disease. Significantly reduced fertility is also

almost inevitable. Recent improvements in the outcome of med-
ical treatment, related to oral iron chelation and better cardiac
monitoring, have possibly shifted the balance away from trans-
plantation. One limitation of transplantation is the availability
of suitable donors; cord blood transplants are potentially impor-
tant in this respect. In a small number of cases preimplanta-
tion genetic diagnosis has allowed the selection ofHLA-matched
embryos to produce siblings who can act as stem cell donors.
Efforts are also being made to develop mini- and microtrans-
plants, which may be less toxic, preserve fertility and poten-
tially allow the use of alternative donors, such as haploidentical
or matched unrelated donors. These regimes involve prolonged
use of immunosuppression and are still essentially experimental,
although theymay lead tomuch greater availability of transplan-
tation in the relatively near future.

Prognosis in severe thalassaemia
In theory, with adequate transfusion and effective chelation, sur-
vival in thalassaemia major should approach that of the nor-
mal population, although historically this has never been the
case because of the difficulties patients encounter in adher-
ing to subcutaneous iron chelation regimens. In Europe and
North America, median survival has improvedwith each decade
since the introduction of desferrioxamine in the 1970s. Most
deaths are related to cardiac iron overload and improved sur-
vival is primarily related to earlier and more rational use of
chelation. Recent studies suggest that death of cardiac origin
has become much less common in the last 5–10 years, probably
related to improved awareness and treatment of iron-related car-
diomyopathy with intravenous desferrioxamine and combina-
tion therapy with both desferrioxamine and deferiprone. Earlier
detection, using cardiac T2*MRI, and prevention of cardiac iron
loading, with oral chelation, seem likely to improve prognosis
further.

Heterozygous 𝛃-thalassaemia
Carriers for β-thalassaemia are usually symptom-free except in
periods of stress such as pregnancy, when they may develop
significant anaemia. Transfusion is sometimes necessary dur-
ing pregnancy, but no other treatment or follow-up is neces-
sary. Palpable splenomegaly is rare. Carriers may have mild
anaemia; haemoglobin values are in the range 90–120 g/L. The
red cells show hypochromia and microcytosis proportionately
greater than the degree of hypochromia seen in iron deficiency.
The reticulocyte count is normal. The bone marrow shows
moderate erythroid hyperplasia with corresponding increase
in soluble transferrin receptor levels. The characteristic find-
ing is an elevated HbA2 level, usually greater than 3.5%. There
is a slight elevation of HbF in the 1–3% range in about 50%
of cases. Silent or near-silent carriers of β-thalassaemia occur
fairly rarely, in which the HbA2 level is normal with only slight
hypochromia; this is typically associated with mild thalassaemic
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mutations in the promoter region of the gene. Failure to iden-
tify this state antenatally can result in significant and unex-
pected thalassaemia in the offspring, if the partner also car-
ries β-thalassaemia. Borderline increases of HbA2 with variable
increases ofHbF, but normal red cell indices have also been asso-
ciated with variants in the KLF1 gene, but the clinical signifi-
cance of such variants when coinherited with β-thalassaemia is
not clear.

𝛃-Thalassaemia in association with haemoglobin
variants
In many populations, because there is a high incidence of both
β-thalassaemia and other globin genemutations, it is quite com-
mon for an individual to inherit a β-thalassaemia allele from one
parent and a gene for a structural haemoglobin variant from
the other. Although numerous interactions of this type have
been described, only three are common and significant: HbS/β-
thalassaemia, HbC/β-thalassaemia and HbE/β-thalassaemia.

HbS/𝛃-thalassaemia (see also Chapter 7)
HbS/β-thalassaemia causes sickle cell disease, with the sever-
ity varying from very mild to severe. This interaction does not
result in clinically significant thalassaemia. The principal deter-
minant of the severity of sickle cell disease is the nature of the
β-thalassaemia mutation, and to what extent βA is reduced com-
pared with normal. HbS/β0-thalassaemia with no HbA present
and an average haemoglobin of 70–80 g/L, is broadly similar
in severity to HbSS. It differs in that red cells are markedly
hypochromic and contain excess α-globin chains. Clinically sig-
nificant splenomegaly is more common than in HbSS, affecting
up to 30% of adults. The severity of HbS/β+-thalassaemia varies
from severe to very mild, depending on how much HbA is pro-
duced. Some β+-thalassaemia alleles produce less than 10% of
the normal HbA output and result in a clinical picture identi-
cal to HbS/β0-thalassaemia. At the other end of the spectrum,
promoter mutations typically reduce HbA output by only 10%
and result in a condition that is only marginally more symp-
tomatic than sickle cell carriers. These mild forms of HbS/β+-
thalassaemia occur most often in populations of African origin,
whereas themore severe forms are most often found inMediter-
ranean countries and India.

HbC/𝛃-thalassaemia
HbC is common in parts of West Africa, and occurs to a minor
extent in populations of North African and southern Mediter-
ranean origins. It is largely asymptomatic and characterized by
a mild haemolytic anaemia associated with splenomegaly. The
peripheral blood film shows numerous target cells and thalas-
saemic red cell changes with a moderately elevated reticulocyte
count. Haemoglobin electrophoresis shows a preponderance of
HbC. The diagnosis is confirmed by finding theHbC trait in one
parent and the β-thalassaemia trait in the other, and by DNA
analysis where appropriate.

HbE/𝛃-thalassaemia
This the commonest severe form of thalassaemia in Southeast
Asia and parts of the Indian subcontinent. The βE allele is mildly
thalassaemic due to the activation of a cryptic splice site, and
when it is inherited together with β0-thalassaemia, there is a
marked deficiency of β-chain production. HbE is slightly unsta-
ble in vitro, although it is not clear how clinically significant
this is. The clinical and haematological features are very vari-
able. There are thalassaemic red cell changes, and the bone
marrow shows marked erythroid hyperplasia. There is nearly
always anaemia and splenomegaly, with typical thalassaemic
bone changes. Haemoglobin values are in the range 40–100 g/L,
with an average of 60–70 g/L; in well-resourced countries about
half of the patients with this condition are regularly transfused.
There are thalassaemic red cell changes and the bone marrow
shows marked erythroid hyperplasia.
Although relatively little is known about the natural history of

this disorder, it is clear that in many parts of Southeast Asia and
India it causes a very high mortality in early life. Clinically it is
indistinguishable from other forms of β-thalassaemia, although
the link between genotype and phenotype is less predictable,
with some patients having thalassaemia major and others, being
non-transfusion dependent, growing and developing with few
complications.
The diagnosis is confirmed by finding only HbE and HbF on

haemoglobin electrophoresis and by demonstrating HbE trait
in one parent and β-thalassaemia trait in the other. In cases of
HbE/β+-thalassaemia, variable quantities of HbA are present
and the condition is usually milder. Neonatal diagnosis can be
difficult, particularly distinguishing between homozygotes for
HbE and HbE/β0-thalassaemia; family studies and DNA anal-
ysis are useful in these circumstances.

Variant forms of 𝛃-thalassaemia
Despite the vast heterogeneity of mutations, the increased lev-
els of HbA2 in β-thalassaemia heterozygotes is remarkably uni-
form, in the range 3.5–5.5%, and rarely exceeds 6%. Unusu-
ally high HbA2 levels in excess of 6.5% seem to character-
ize the subgroup caused by lesions (point mutations or small
deletions) that affect the regulatory elements in the promoter
region of the β-globin gene (see Figure 6.4). The unusually
high HbA2 levels are usually accompanied by higher than usual
increases in HbF, resulting in a milder thalassaemia pheno-
type, despite the absence of HbA2 in some cases. Otherwise, the
haematological picture is identical to the common forms of β-
thalassaemia. Some β-thalassaemia heterozygotes have normal
HbA2 levels, despite the typical hypochromic microcytosis. In
most cases, this is due to the coinheritance of δ-thalassaemia.
Other cases of normal HbA2 β-thalassaemia are extremely mild
forms of β-thalassaemia that is completely silent in heterozy-
gotes and is only identifiedwhen it is coinheritedwith a common
form of β-thalassaemia. Heterozygotes do not have any evident
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haematological phenotype, the only abnormality being a mild
imbalance of globin chain synthesis.
β-Thalassaemia occasionally follows a dominant pattern of

inheritance, producing symptoms in heterozygotes (see Figure
6.3). The clinical picture is characterized by amoderate degree of
anaemia and splenomegaly with marked thalassaemic changes
of the red cells, and ineffective erythropoiesis with intracellu-
lar inclusion bodies. Although not usually transfusion depen-
dent, such individuals develop iron overload from hyperabsorp-
tion due to ineffective erythropoiesis and may develop liver or
endocrine damage. The common denominator of these domi-
nantly inherited β-thalassaemias is the synthesis of hyperunsta-
ble β-chain variants, caused by a spectrum of mutations; those
resulting from PTCs are typically found in exon 3 of the β-
globin gene. Unlike the recessive forms that are prevalent in
malarious regions, dominantly inherited β-thalassaemias are
rare, occurring in dispersed geographical regions. Most of the
dominant β-thalassaemia alleles have been described in single
families, many as de novo mutations. Dominantly inherited β-
thalassaemia should be suspected in any patient with a thalas-
saemia intermedia phenotype, even if both parents are haema-
tologically normal, and the patient is from an ethnic background
where β-thalassaemia is rare. The diagnosis is confirmed by
DNA sequence analysis of the β-globin genes.

𝛅𝛃-Thalassaemia and hereditary persistence
of fetal haemoglobin

HPFH and δβ-thalassaemia are much less common than β-
thalassaemia and manifest as a range of disorders characterized
by decreased or absent HbA production and a variable compen-
satory increase in HbF synthesis. The distinction between them
is subtle and originally made on what appeared to be clear-cut
clinical and haematological grounds. However, as more cases
became recognized and their underlying mutations delineated,
it became evident that there is considerable overlap between the
two groups of disorders.
The level of compensatory increase is higher in HPFH com-

pared with δβ-thalassaemia. HPFH heterozygotes have essen-
tially normal red cell indices, normal HbA2 levels and HbF lev-
els of 10–35%, whereas heterozygotes for δβ-thalassaemia have
hypochromic microcytic erythrocytes and normal HbA2 levels
and the HbF increases are lower (5–15%). A distinguishing fea-
ture is the heterocellular distribution of HbF in δβ-thalassaemia
compared with a pancellular (or homogeneous) distribution
in HPFH, although the intercellular distribution of HbF may
be a reflection of the magnitude of increase and the sensi-
tivity of the technique used to stain F cells. Clinically, HPFH
homozygotes are asymptomatic with slightly reduced MCV and
MCH, and compound heterozygotes with β-thalassaemia have
very mild disease. Compound heterozygotes of δβ-thalassaemia
with β-thalassaemia, and δβ-thalassaemia homozygotes have

disease severity that ranges from mild anaemia to transfusion
dependence.
Two types of mutations underlie this group of disorders: dele-

tions that remove substantial regions of the β-globin cluster,
including the β-globin gene (Figure 6.8), and point mutations
in the promoters of either of the γ-globin genes (Gγ or Aγ).
Six deletion forms of HPFH have been described in Africans,
Mediterraneans, Indians and Southeast Asians, with deletions
ranging from13 to 86 kb in size. The commonest forms are Black
HPFH-1 and HPFH-2, the latter also referred to as Ghanaian
HPFH. Included within the HPFH conditions is Hb Kenya, a
rare condition found largely in East Africa and characterized
by production of a hybrid Aγβ-globin chain and increased Gγ-
chain (Figures 6.8 and 6.10). The first type of δβ-thalassaemia
to be described was Hb Lepore, which consists of hybrid δβ-
globin chains produced by misaligned crossing-over between
the δ- and β-globin genes (Figures 6.8 and 6.9). Heterozygotes
for Hb Lepore have hypochromic microcytic red cells, normal
HbA2 and variably increased HbF. The more common forms of
δβ-thalassaemia result from deletions of different lengths in the
β-globin gene cluster (Figure 6.8). Deletions that leave both
the γ-globin genes intact are called GγAγ (δβ)0-thalassaemias,
and they all include parts or all of the δ- and β-globin genes.
Gγ(Aγδβ)0-thalassaemia deletions include part or all of the Aγ-
globin gene and hence produce HbF containing only Gγ-chains.
A couple of the (δβ)0-thalassaemias include two deletions sepa-
rated by an inverted region.
Non-deletion HPFH is caused by mutations within the pro-

moters of either of the γ-globin genes, and lead to variably
increasedHbFwith a preponderance of only one of the γ-chains.
Themutations (single-base substitutions orminor deletions) are
clustered in three regions of the promoters, around positions
−114, −175 and −200. These regions contain binding sites for
ubiquitous and erythroid-specific factors. Altered binding pat-
terns of the transcription factors due to the point mutations
are thought to be the cause of the elevated HbF levels, which
vary from 5 to 35% in heterozygotes. Deletion and non-deletion
HPFHand δβ-thalassaemias are clearly inherited in aMendelian
fashion as alleles of the β-globin gene complex. Heterozygotes
have significant elevations of HbF ranging from 10 to 40%.
Inherited increases inHbF have also been reported in families

with β-thalassaemia and sickle cell disease; these increases had a
modulating effect on the severity of disease and the inheritance
appeared to segregate independently of the β-globin gene cluster.
Healthy members of the families may also have slight increases
in HbF, and historically these individuals were said to have coin-
herited heterocellular HPFH. Heterocellular HPFH was orig-
inally recognized in a group of Swiss army recruits; the HbF
elevation was modest and unevenly distributed among the
erythrocytes, the distinct HbF-carrying red blood cells being
termed F cells. Hence Swiss HPFH was also referred to descrip-
tively as heterocellular HPFH. It is now clear that HbF is a
highly variable quantitative trait, and that heterocellular HPFH
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 % HbF in
β−Thalassaemia heterozygotes

 Small deletions 0.2–6.9

 1 Turkish 1.9–2.0
 2 Filipino 1.0–9.1
 3 UK Asian 3.2–4.7
 4 Dutch 4–11
 5 Australian 2.5–7.2
 6 Southern Italian 9.0
δβ fusion
 7 Hb Lepore 0.5–6.5
δ-Thalassaemia
 8 Corfu 1.1–2.8
γβ fusion
 9 Hb Kenya 5–10
Gγ Aγ (δβ)˚-Thalassaemia
 10 Mediterranean 5.9–19.0
 11 SE Asian 9.9–20.0
 12 E European 13.0–24.0
 13 Black 25.0*
 14 Macedonian/Turkish 4.2–13.5
 15 Indian 16.6
 16 Spanish 5.0–13.0
 17 Japanese 7.0–8.0
Gγ (Aγδβ) ˚-Thalassaemia
 18 Black 4.0–16.5
 19 Chinese 9.3–23.0
 20 Belgian 14.2–23.0
 21 Indian 9.7–18.1
 22 Yunnanese 9.3–16.7
 23 Malaysian 2
 24 German 9.9–12.5
 25 Turkish 10.0–13.5
 26 SE Asian 17.2–22.9
 27 Italian ?
Gγ Aγ(δβ) ˚-HPFH
 28 Black 18.6–31.0
 29 Ghanaian 22.4–26.6
 30 Indian 17.0–25.0
 31 Italian 1 14.0–30.0
 32 Italian 2 16.0–20.0
 33 Vietnamese/SEA 14.1–26.6
(εGγ Aγδβ) ˚-Thalassaemia
 34 Anglo-Saxon
 35 Dutch
 36 English
 37 Scottish-Irish
 38 Hispanic
 39 Mexican,
  Canadian, Yugoslavian

–40 –30 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
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Figure 6.8 The deletions that underlie δβ-thalassaemia and hereditary persistence of fetal haemoglobin. The upper arrows represent
DNase I-hypersensitive sites. (Source: Weatherall and Clegg 2001. Reproduced with permission of WHO.)

represents the upper tail of the natural continuous distribution
that includes approximately 10% of the population with HbF
levels between 0.8 and 5%. Unlike the Mendelian forms caused
by major deletions or point mutations in the γ-globin promot-
ers, the inheritance of heterocellular HPFH is complex, with
an overwhelming genetic contribution. The sequence variant
(C→T) at position −158 of the Gγ-globin gene, also referred to
as the Xmn1-Gγ site (or rs74821440), was the first QTL to be
implicated through family studies. Subsequent genetic associa-
tion studies have confirmed Xmn1-Gγ as one of the three major
QTLsmodulatingHbF production in adults, the other two being
the HBS1L-MYB intergenic region on chromosome 6q and
BCL11A on chromosome 2p. These three QTLs account for a
relatively large proportion (20–50%) of the common variation in

HbF levels, not only in healthy adults, but also in patients from
diverse ethnic groups – Brazilians, African-Americans, African-
British, Tanzanians with sickle cell disease. InAfrican-American
patients with sickle cell disease, the three loci contribute more
than 20% to the HbF variation with a corresponding reduction
in frequency of acute pain. Coinheritance of the Xmn1-Gγ site
delays transfusion requirements in β-thalassaemia. A combina-
tion of the three HbF QTLs and α-globin genotype have also
been shown to be predictors of disease severity and transfu-
sion requirements in patients with β-thalassaemia and HbE/β-
thalassaemia. HbF increases secondary to KLF1 variants, either
as a primary phenotype or in association with other red cell
disorders, such as congenital dyserythropoietic anaemia (CDA
type IV), are increasingly noted.
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Figure 6.9 The mechanisms for the
production of haemoglobin Lepore and
related variants.

𝛆𝛄𝛅𝛃-Thalassaemia

These are rare conditions and result from large deletions of
the β-globin gene cluster that involve the β-LCR. The dele-
tions fall into two main categories: group I removes all, or a
greater part of, the complex including the β-globin gene and
the β-LCR, and group II removes extensive upstream regions
including the β-LCR but leaving the β-globin gene itself intact.
There is no output from the globin genes of the affected cluster.
Clearly, the homozygous state would not be compatible with sur-
vival. Heterozygotes have severe haemolytic disease of the new-
born, with anaemia and hyperbilirubinaemia. The severity of
anaemia and haemolysis is variable, even within a family, and in
some cases blood transfusions are necessary during the neona-
tal period. If they survive the neonatal period, the infants grow
and develop normally; in adult life they have the haematologi-
cal picture of heterozygous β-thalassaemia, with mild anaemia,
hypochromic microcytic red cells and a haemoglobin pattern of
normal HbA2 β-thalassaemia. Using next-generation sequenc-
ing (NGS) technology, a novel form of εγδβ-thalassaemia due to
an inversion-deletion has recently been characterized in three
unrelated English families.

The 𝛂-Thalassaemias

Distribution
The α-thalassaemias follow a similar distribution to the β-
thalassaemias, extending throughout sub-Saharan Africa, the

Mediterranean region, theMiddle East, the Indian subcontinent
and Southeast Asia, in a line stretching from southern China
through Thailand, the Malay Peninsula and Indonesia, to the
Pacific Island populations.
In some prevalent areas, carrier frequency for the mild

form (α+) reaches 80% or more. The more severe forms (α0-
thalassaemias) reach their highest frequency in Southeast Asia,
where carrier frequency can reach 10%.

Genetic basis of disease: molecular pathology
Normal individuals have four α-globin genes arranged as linked
pairs, α2 and α1, at the tip of each chromosome 16, the nor-
mal α-genotype being represented as αα/αα- (Figure 6.10).
The α-thalassaemias can be classified as α0-thalassaemia, in
which no α-chains are produced from the linked pair, and α+-
thalassaemia, in which production of α-chain from the affected
chromosome is reduced.
The α0-thalassaemias are caused by deletion of both α-globin

genes (Figure 6.11). The deletions vary in size and tend to
be geographically isolated, with two particularly common ones
in Southeast Asia (/− −SEA) and the Mediterranean region
(/− −MED). Rarely, α0-thalassaemia can also arise from deletions
of the upstream α-globin regulatory elements (MCS) in which
the α-globin genes remain intact, but completely inactivated. In
other cases, more extensive deletions are associated with mono-
somy for a segment of the tip of chromosome 16p that, when
greater than about 1 megabase (Mb), result in the syndrome of
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Figure 6.10 The genetics of α-thalassaemia.

α-thalassaemia and mental retardation (ATR-16). The molecu-
lar basis of the α+-thalassaemias is more complicated; the com-
monest forms result fromdeletions that remove one of the linked
pairs of α-globin genes, leaving the other intact (−α/αα). The
linked α-globin genes are embedded in two highly homologous
duplicated units of 4 kbwithin which are three homologous sub-
segments designated X, Y and Z (Figure 6.12), Misalignment
and recombination between the Z segments, which are 3.7 kb
apart, produces chromosomes with one α-globin gene (/−α3.7
or rightward deletion) and others with three α-globin genes
(/αααanti-3.7). Similarly, crossover between the X boxes, which
are 4.2 kb apart, produces the leftward deletion /−α4.2 and the
/αααanti-4.2 allele.
Less commonly, both the α-globin genes are intact and α+-

thalassaemia results from point mutations that partially or com-
pletely inactivate one of them (αTα/αα). In contrast to the
β-thalassaemias, non-deletional mutations are much less com-
mon causes of α-thalassaemia but, like those that cause β-
thalassaemia, the non-deletional α-thalassaemia variants act at

different stages of gene regulation and expression. The major-
ity of the non-deletional α-thalassaemia (more than two-thirds)
are found on the dominant α2 gene, less than one-third on
the α1 gene and the others on an /−α-chromosome (/−αT).
In general, the non-deletional α+-thalassaemia variants (/αTα)
give rise to a more severe reduction in α-chain output than the
single α-gene deletion (/−α) due to the lack of compensatory
increase in α-output from the linked α1 gene, as observed in
deleted cases. One particularly common form of non-deletional
α-thalassaemia found in Southeast Asia is Hb Constant Spring
(/αCSα), which is due to a single-base substitution (TAA→CAA)
in theα2-globin termination codon. Instead of terminating at the
stop codon, mRNA is read through the 3′-UTR until another in-
phase termination codon is encountered 31 codons later. This
results in an elongated α-globin chain of 172 residues, 31 amino
acids from the natural arginine at codon 141. Of the six pre-
dicted α2-chain termination variants, five have been described:
Hb Constant Spring (α142 Gln), Hb Icaria (α142 Lys), Hb Koya
Dora (α142 Ser), Hb Seal Rock (α142 Glu) and Hb Pakse (α142
Tyr). Hb Constant Spring is by far the most common of these
variants, reaching frequencies of up to 4% in Thailand. Finally,
non-deletional α-thalassaemia can also arise from single-base
substitutions causing structural α-globin variants that are
highly unstable, for example Hb Quong Sze α125 Leu→Pro
(/αQSα).

Unusual causes of 𝛂-thalassaemia
This includes a single case report of α0-thalassaemia arising
from a deletion involving the α1 gene that also inactivated the
intact linked α2 gene. Subsequent studies showed that the dele-
tion results in juxtaposition of a downstream gene (LUC7L) next
to the structurally normal upstream α2 gene. Transcription of
antisense mRNA from LUC7L led to silencing of the linked
α2 gene. Another novel form of non-deletional α-thalassaemia
results from a single nucleotide substitution in a non-genic
region between the α-globin genes and their upstream regula-
tory elements. The single-base substitution leads to the creation
of a new promoter-like element that interferes with normal acti-
vation of all the downstream α-like globin genes, resulting in
α0-thalassaemia.

Pathophysiology
The pathophysiology of α-thalassaemia is different to that of β-
thalassaemia. A deficiency of α-chains leads to the production of
excess γ- or β-chains, which form Hb Bart’s (γ4) and HbH (β4),
respectively. These soluble tetramers do not precipitate exten-
sively in the bone marrow and hence erythropoiesis is more
effective than in β-thalassaemia. However, HbH is unstable and
precipitates in red cells as they age. The inclusion bodies cause
red cell membrane damage and obstruction in the spleen lead-
ing to shortened red cell survival. Furthermore, both Hb Bart’s
and HbH have a very high oxygen affinity and their oxygen dis-
sociation curves resemble myoglobin. Thus, the severe forms of
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Figure 6.11 The α-globin gene cluster deletions that underlie α0 thalassaemia. (Source: Weatherall and Clegg 2001. Reproduced with
permission of WHO.)

α-thalassaemia are due to defective haemoglobin production,
the synthesis of homotetramers that are physiologically useless
and a haemolytic component.

Genotype–phenotype relationship
Loss of one functioning α-gene (αα/−α) is almost completely
silent, with normal or only slightly hypochromic red cells.
Loss of two α-genes (− −/αα-or −α/−α) produces a mild

hypochromic microcytic anaemia, the α-thalassaemia trait.
Homozygotes for α0-thalassaemia (− −/− −) have a lethal con-
dition with intrauterine haemolytic anaemia called Hb Bart’s
hydrops fetalis syndrome (see Figure 6.11). AsHbBart’s hydrops
fetalis syndrome follows the homozygous inheritance of α0-
thalassaemia, this condition occurs only in populations in
which α0-thalassaemia is common, notably those of Southeast
Asia and the Mediterranean islands. Deficiency of α-chains
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(c)Figure 6.12 The molecular mechanisms
that underlie the deletion forms of
α-thalassaemia: (a) normal cluster
showing X, Y and Z homology boxes;
(b) 3.7-kb deletion; (c) 4.2-kb deletion.
(Source: Weatherall and Clegg 2001.
Reproduced with permission of WHO.)
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gives rise to an excess of γ-chains (in fetal life) or β-chains
(in adult life), which form γ4 tetramers (Hb Bart’s) or β4
tetramers (HbH). The presence of Hb Bart’s or HbH is thus
diagnostic of α-thalassaemia. Due to their very high oxygen
affinity, Hb Bart’s and HbH are not functional haemoglobins;
HbH is unstable and precipitates in older red cells, forming H
inclusions.
HbH disease lies between the two ends of the clinical spec-

trum, the asymptomatic α-thalassaemia trait and Hb Bart’s
hydrops fetalis. As in β-thalassaemia intermedia, HbH dis-
ease spans a wide range of clinical and haematological phe-
notypes, with equally heterogeneous genotypes, varying with
the geographic distribution of the different α-thalassaemia vari-
ants. HbH disease most commonly results from the interac-
tion of α0 and α+-thalassaemia (− −/−α) and thus, similar to
Hb Bart’s hydrops syndrome, is also restricted to populations
where α0-thalassaemia is common. Less often, it can result from
the interaction of α0-thalassaemia with non-deletional forms of
α-thalassaemia (/αTα) or from homozygous non-deletional α-
thalassaemia (αTα/αTα). HbH disease in Southeast Asia com-
monly arises from homozygosity or compound heterozygosity
for Hb Constant Spring (αCSα/αCSα- or αCSα/− −).
As the non-deletional forms of α+-thalassaemia tend to have

a more severe phenotype than the deletional forms, in some
cases the homozygous state (αTα/αTα) may be associated with
the phenotype of HbH disease. In a small number of cases, HbH
can be unusually severe, requiring regular blood transfusion,
and rare casesmay result inHb Bart’s hydrops syndrome (in par-
ticular genotype − −/αTα).

Haemoglobin Bart’s hydrops syndrome
This is an important cause of fetal loss throughout Southeast
Asia and the eastern Mediterranean. There is no production of
α-chains and hence neither fetal nor adult haemoglobin. The
fetus is usually stillborn between 28 and 40 weeks or, if liveborn,
takes a few gasping respirations and then expires within the first
hour after birth. Affected neonates show the typical picture of
hydrops fetalis, with gross pallor, generalized oedema and mas-
sive hepatosplenomegaly. Fetal anaemia may be detected from
early in the second trimester, with increased blood flow on the
fetal middle cerebral artery, asmeasured byDoppler ultrasound.
There is an increased frequency of congenital abnormalities and
a very large friable placenta. All these findings are due to severe
intrauterine anaemia. The haemoglobin is in the range 60–80 g/L
and there are gross thalassaemic changes of the red cells, with
many nucleated erythroid cells in the blood. The haemoglobin
consists of approximately 80% Hb Bart’s and 20% Hb Portland
(ζ2γ2). Very rarely, Hb Bart’s hydrops infants have survived to
termbecause they continue to produce embryonic haemoglobin.
Apart from fetal death, this syndrome is characterized by a high
incidence of toxaemia of pregnancy and obstetric complications
due to the large placenta.

Haemoglobin H disease
This condition is characterized by a variable degree of anaemia
and splenomegaly, but it is unusual to find severe thalassaemic
bone changes or growth retardation. Patients usually survive
into adult life, although the course may be interspersed with
severe episodes of haemolysis associated with infection or wors-
ening of the anaemia due to progressive hypersplenism. Par-
vovirus B19 infection in particular may cause transient reticulo-
cytopenia with severe anaemia and the need for red cell transfu-
sion. In addition, oxidant drugs may increase the rate of precip-
itation of HbH and exacerbate the anaemia. Haemoglobin val-
ues range from 70 to 100 g/L and the blood film shows typical
thalassaemic changes. There is a moderate reticulocytosis and,
on incubation of the red cells with brilliant cresyl blue, numer-
ous inclusion bodies are generated by precipitation of HbH
under the redox action of the dye. After splenectomy, large pre-
formed inclusions can be demonstrated on incubation of blood
with methyl violet. Haemoglobin analysis reveals 5–40% HbH,
together with HbA and a normal or reduced level of HbA2.

𝛂-Thalassaemia traits
α0-Thalassaemia trait is characterized by very mild
hypochromic anaemia with red cell indices similar to those of
β-thalassaemia trait; the MCH is less than 25 pg and the HbA2
level is normal. Occasional HbH bodies may be present in the
red cell on supravital staining. There are no diagnostic tests
with which to identify this condition with certainty except DNA
analysis. Deletional α+-thalassaemia carriers have near-normal
haematological findings. The heterozygous states for the non-
deletional forms of α+-thalassaemia are sometimes associated
with very mild hypochromic anaemia; the type associated with
Hb Constant Spring can be identified by the presence of trace
amounts of the variant on haemoglobin electrophoresis at an
alkaline pH. α0-Thalassaemia carriers can be identified with
more certainty in the neonatal period, when they have 5–10%
Hb Bart’s, which disappears over the first few months of life and
is not replaced by HbH. Some α+-thalassaemia carriers have
slightly increased levels of Hb Bart’s, in the 1–3% range, but its
absence does not exclude the diagnosis.

Other forms of 𝛂-thalassaemia
There are several other forms of α-thalassaemia that are com-
pletely unrelated in their pathogenesis and distribution to the
conditions described in the previous sections. They comprise the
α-thalassaemia mental retardation syndromes and the associa-
tion of α-thalassaemia with myelodysplasia.

𝛂-Thalassaemia with mental retardation syndromes
There are two forms of α-thalassaemia associated with men-
tal retardation, one encoded on chromosome 16 (ATR-16), the
other on the X chromosome (ATR-X). ATR-16 results from large
chromosomal rearrangements and extensive deletion of 1–2 Mb
from the subtelomeric end of the short arm of chromosome 16.
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Affected children usually have a relatively mild degree of cogni-
tive impairment and no dysmorphic features. On the other hand,
ATR-X, which because of its mode of inheritance affects boys,
is associated with widespread dysmorphic features and severe
learning difficulties. It results from many different mutations of
the ATRX gene, which is located on the X chromosome. The
ATRX protein has many features in common with DNA heli-
cases, transcription factors that are involved in the modelling
of chromatin and gene regulation. ATRX also appears to play
an important role in the transcription of the α-globin genes and
undoubtedly many other genes during early development. The
ATRX gene has also been reported to be involved in a consider-
able number of X-linked mental retardation syndromes without
an α-thalassaemia phenotype.

𝛂-Thalassaemia associated with myelodysplasia
An α-thalassaemic phenotype is also found in association with
forms of myelodysplasia in elderly patients. The blood films of
such patients show dimorphic features, with populations of red
cells containing HbH inclusion bodies and a variable level of
HbH in peripheral blood. Acquiredmutations in theATRX gene
have been identified in the blood cells of patients with this syn-
drome. The relationship of the mutations in ATRX to the neo-
plastic phenotype remains to be determined.

Thalassaemia intermedia,
non-transfusion-dependent thalassaemia

Definition and molecular pathology
The term thalassaemia intermedia is used to describe patients
with the clinical picture of thalassaemia which, although not
transfusion dependent, is associated with a much more severe
degree of anaemia than is found in carriers for α- or β-
thalassaemia. It is increasingly referred to as non-transfusion-
dependent thalassaemia (NTDT), particularly in literature
discussing iron chelation. Whether a patient is classified as
having thalassaemia intermedia or thalassaemia major depends
on a doctor deciding that the patient would benefit from reg-
ular blood transfusions; this decision is based not only on
the clinical factors mentioned in the section on thalassaemia
major, but also on non-clinical factors such as the availabil-
ity of blood transfusions, the experience of the clinician and
the wishes of the patient. Many different genotypes may under-
lie thalassemia intermedia, as mentioned earlier, with HbE/β-
thalassaemia perhaps being the commonest (Table 6.2). HbH
disease is sometimes considered as a type of thalassaemia inter-
media, but its pathophysiology is quite different to that caused
by β-thalassaemia.

Clinical and haematological changes
At one end of the spectrum are individuals who, except for
mild anaemia, are symptom-free. At the other, there are patients

Table 6.2 Molecular basis of β-thalassaemias intermedia.

Homozygous or compound heterozygous state for
𝛽-thalassaemia

Inheritance of mild β-thalassaemia alleles (homozygous or
compound heterozygotes)

Compound heterozygosity for a mild and a more severe allele
Coinheritance of α-thalassaemia
Increased HbF response
β-Globin gene promoter mutations (deletional or

non-deletional)
Coinheritance of HbF quantitative trait loci
Linked: Xmn1-Gγ polymorphism
Unlinked: BCL11A gene (chromosome 2p), HBS1L-MYB
intergenic polymorphisms (chromosome 6q) KLF1
variants

Heterozygous state for 𝛽-thalassaemia
Coinheritance of extra α-globin genes as triplicated (/ααα) or

quadruplicated (/αααα) globin complexes or segmental
duplication of entire α-globin cluster

Dominantly inherited β-thalassaemia (hyperunstable β-globin
chain variants)

Compound heterozygosity for 𝛽-thalassaemia and 𝛽-chain
variants

HbE/β-thalassaemia

Compound heterozygosity for 𝛽-thalassaemia and HPFH or
𝛿𝛽-thalassaemia

Homozygosity for 𝛿𝛽-thalassaemia

who have haemoglobin values of 50–70 g/L and who develop
marked splenomegaly, osteopenia and skeletal deformities due
to expansion of bone marrow. Iron absorption is increased
because of the expanded erythron producing high levels of
GDF-15 or other proteins, with suppression of hepcidin produc-
tion. A wide range of other problems are particularly associated
with thalassaemia intermedia, including pulmonary hyperten-
sion, hypercoagulability, pseudoxanthoma elasticum and other
connective tissue disorders, hypersplenism, leg ulceration, folate
deficiency, extramedullary haemopoietic tumour masses in the
chest and skull, gallstones and a marked proneness to infec-
tion. Many of these problems worsen with age, due to iron
loading and cardiovascular impairment, and increasing num-
bers of patients become transfusion dependent. Because of
the heterogeneity of these disorders, management is highly
dependent on the course that evolves in an individual patient;
all patients should be followed up very carefully from early
childhood. The haemoglobin constitution of the intermediate
forms of β-thalassaemia depends on the contributing geno-
types, and in many cases is similar to that found in the major
forms.
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Treatment
Intermittent blood transfusions are often necessary due to falls
in haemoglobin caused by fever and infection, particularly with
parvovirus B19, which causes reticulocytopenia. It can be diffi-
cult to decide whowould benefit frommore regular blood trans-
fusions and when to start them. In countries with a ready sup-
ply of safe blood, there is an increasing tendency to start regular
transfusions even in children, maintaining the haemoglobin at
greater than 80 g/L in order to avoid the emerging complications
of skeletal deformities, pulmonary hypertension and osteopenia.
There is also some evidence that this improves the quality of life,
particularly with emerging options for oral iron chelation. This
is not possible in much of the world and management consists
of reserving transfusion for severe symptomatic anaemia.
Even in the absence of regular erythrocyte transfusions, sig-

nificant levels of iron accumulate through increased gastroin-
testinal absorption. Clinical trials with iron chelators have
shown that it is possible to remove this excess iron safely, and
this is increasingly practised (Chapter 4). However clinical com-
plications of iron overload are relatively uncommon in thalas-
saemia intermedia, and it is less clear when chelation is clinically
beneficial.
Pharmacological treatment to increase HbF and total

haemoglobin levels is potentially applicable to thalassaemia
intermedia, in that relatively small increases in haemoglobin
levels with a corresponding reduction in ineffective erythro-
poiesis could help a patient thrive who would otherwise require
regular transfusions. Hydroxycarbamide (hydroxyurea) is the
most widely used drug in this context, and while some patients
undoubtedly benefit, in general results are disappointing.
Butyrate and other short-chain fatty acids also promote HbF
synthesis and have been used with limited clinical success in
thalassaemia intermedia. A number of newer drugs are being
developed which may boost HbF to a greater extent, most
notably the new generation of short-chain fatty acid derivatives
and immunomodulatory drugs such as pomalidomide and
lenalidomide. Mouse studies and early clinical trials of activin
receptor IIA ligand traps show promising results, with increased
haemoglobin concentrations resulting from reduced oxidative
stress and improved erythropoiesis. Gene therapy continues
to be studied, but is still a very experimental procedure in
thalassaemia.

Screening for thalassaemias

Preconception, antenatal and neonatal screening programmes
are important in the clinical care and public health manage-
ment of haemoglobinopathies. Thalassaemia is prevalent in
many middle- and low-income countries, where either treat-
ment is not available or the cost of regular blood transfusions
and chelation is a major drain on limited medical resources. In
other countries, including parts of Europe, Australia and North
America, it is important to identify the antenatal risk of having

a baby with thalassaemia to provide informed parental choice.
Apart from haemopoietic stem cell transplantation, there is no
definitive treatment, and many countries in which the disease
is common are putting a major effort into programmes for its
prevention.

Premarital and preconception screening
Ideally, individuals know their thalassaemia status before they
decide to have children, and potentially use this information to
choose a suitable partner. Some programmes therefore concen-
trate on screening teenagers at school. Other countries insist that
a couple are screened for thalassaemia status before they can get
married; this latter approach has been successful in Cyprus and
parts of theMiddle East, such as Bahrain, where social pressures
have reduced the number of at-risk marriages.

Antenatal screening, prenatal diagnosis and
preimplantation genetic diagnosis
Many screening programmes concentrate on identifying preg-
nant women who are thalassaemia carriers in the first trimester
of pregnancy. This is done by varying combinations of blood
tests and the identification of women at high risk of carrying
thalassaemia based on their ethnic origin. The latter approach
is potentially effective in areas with a low prevalence of tha-
lassaemia in the native population, such as northern Europe,
although increasing racial admixture is reducing the feasibility
of such selective screening, particularly in cities. If a woman is
found to be a carrier, screening is then offered to her partner,
and if both are carriers, they are counselled about the risk of the
fetus inheriting a severe form of thalassaemia and offered pre-
natal diagnosis (PND).
PND of the thalassaemias was first carried out by fetal blood

sampling, typically for β-thalassaemia, between 18 and 20 weeks
of gestation. At about 20 weeks in the normal fetus, β-globin
synthesis constitutes about 10% of the total haemoglobin, giving
a β/γ ratio of 0.1. A fetus heterozygous for β-thalassaemia has
a β/γ ratio of about 0.05, while one with β-thalassaemia major
produces either none or traces of β-globin with a β/γ ratio of
less than 0.025. Fetal blood sampling has now been replaced by
fetal DNA analysis. DNA analysis was applied to PND of the
haemoglobinopathies in the late 1970s and early 1980s. Fetal
DNA is obtained at 11–12 weeks’ gestation by chorionic villus
sampling or amniocentesis. Initially, detection of the mutations
was indirect, relying on linkage analysis of restriction fragment
length polymorphisms (RFLPs) and Southern blot hybridiza-
tion, which required relatively large amounts of DNA and the
whole procedure took 7–10 days. The development of poly-
merase chain reaction (PCR) for specific amplification of DNA
has revolutionized themolecular diagnostic field, andmutations
can now be detected directly using PCR-based techniques in
1 day, enabling PND to be carried out rapidly within 3 days.
Couples can then make an informed choice as to whether to

terminate the pregnancy if the fetus is affected. Some couples
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find PND helpful in preparing for the birth of a potentially ill
child, even though theywould not contemplate termination. The
main complication of invasive PND is the increased risk of mis-
carriage of about 1%. This has led to research to develop non-
invasive methods of PND based on maternal blood sampling.
Maternal blood contains small numbers of fetal cells and also
cell-free fetal DNA, both of which could potentially be used to
diagnose fetal thalassaemia. The low concentration of fetalmate-
rial relative to maternal has made this technically very difficult,
although advances in methods of DNA analysis and sequencing
platforms seem likely to make this feasible in the near future.
Some couples want to avoid having a fetus with thalassaemia,

but find PND and selective termination unacceptable. Preim-
plantation genetic diagnosis involves the use of in vitro fertiliza-
tion techniques to generate 5–15 embryos; at the eight-cell stage,
one embryonic cell can be removed and tested for thalassaemia
alleles; it is then possible to only implant embryos without tha-
lassaemia. Whilst appealing, it is currently a difficult, stressful
and expensive procedure, with only 10–20% of couples taking
home a baby. Again, advances in reproductive biology and DNA
technology are making this more applicable, and it is available
in an increasing number of countries.

Neonatal screening
It is possible to detect the majority of babies with severe thalas-
saemia by neonatal testing, either as cord blood or more com-
monly from the neonatal blood spot. Many neonatal screening
programmes involve testing dried blood spots on pieces of fil-
ter paper, usually made from a heel-prick blood sample when
the baby is 5–7 days old. This blood spot is also used to screen
for other serious neonatal disorders, including phenylketonuria,
congenital hypothyroidism and cystic fibrosis. If haemoglobin
analysis shows HbF only, with no HbA or other haemoglobin
variants, it is likely that the baby has inherited a severe form of
β-thalassaemia and may be transfusion dependent; less severe
possibilities include thalassaemia intermedia and homozygosity
for HPFH. Babies identified in this way can then be followed up
closely rather than waiting until they present following a period
of prolonged illness. Parents can also be tested and given advice
concerning the risk to future pregnancies.

Structural haemoglobin variants related
to thalassaemia (Table 6.3)

The unstable haemoglobin disorders

The unstable haemoglobin disorders are a rare group of inher-
ited haemolytic anaemias that result from structural changes in
the haemoglobin molecule, which cause its intracellular precip-
itation with the formation of Heinz bodies. Their true incidence
is not known and there have been several well-documented
instances in which patients with one of these variants have had

Table 6.3 Diseases due to structural haemoglobin variants.

Sickle syndromes causing haemolysis and vaso-occlusion
HbSS
Compound heterozygosity for HbS with other β-haemoglobin
variants (HbS/C, HbS/D Punjab, HbS/O Arab)

Compound heterozygosity for HbS with β-thalassaemia
(HbS/β-thalassaemia)

Haemolytic anaemia
Unstable haemolytic variants

Congenital polycythaemia
High-oxygen-affinity haemoglobin variants

Congenital cyanosis
Low-oxygen-affinity haemoglobin variants
M haemoglobins

Hypochromic microcytic anaemia (thalassaemia phenotype)
Variants with inefficient synthesis due to alternative splicing, e.g.
HbE

Lepore haemoglobins
Unstable chain termination variants, e.g. Hb Constant Spring

Drug-induced haemolysis
e.g. Hb Zurich

no affected relatives, suggesting that they have arisen by a new
mutation. Unlike more common globin gene mutations, there is
no obvious ethnic or geographical variation in the prevalence of
unstable haemoglobins. Haemoglobin Koln (β98, Val→Met) is
perhaps the most common.

Molecular pathology and pathogenesis
Most of the unstable haemoglobins result from single amino acid
substitutions or small deletions. For example, substitutions in
or around the haem pocket can disrupt its anatomy and allow
in water, with subsequent oxidative damage to haem, leading to
precipitation of haemoglobin. Some substitutions, such as those
involving proline residues, cause a marked disturbance of the
secondary structure of globin chains. A few variants result from
deletions of either single amino acids or several residues. For
example, inHbGunHill, five amino acids aremissing, including
the haem-binding site. As the unstable haemoglobins precipitate
in the red cells or their precursors, they produce intracellular
inclusions (Heinz bodies) which, together with oxidant damage
to their membranes, make the cells more rigid and hence cause
their premature destruction in the microcirculation.

Clinical features
Unstable haemoglobins are characterized by a chronic, non-
spherocytic haemolytic anaemia and splenomegaly. Like all
chronic haemolytic anaemias, there is an increased incidence
of pigment gallstones with their associated complications; the
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risk is particularly high if there is coinheritance of Gilbert syn-
drome (polymorphic variant in the promoter of the UGT1A1
gene). The conditionmay becomeworse during periods of infec-
tion, causing fever, and, in the more severe forms, such episodes
are associated with life-threatening anaemia and the need for
blood transfusion. Some oxidant drugs may increase the rate of
haemolysis, and parvovirus B19 infection may cause temporary
reticulocytopenia. Apart from icterus and splenomegaly, there
are no characteristic physical findings.

Laboratory diagnosis
The peripheral blood film shows typical features of haemolysis,
but the red cell morphology may be normal. Occasionally, there
is mild hypochromia andmicrocytosis. Heinz bodies are present
in the peripheral blood after splenectomy. The most character-
istic feature of the unstable haemoglobins is their heat instabil-
ity. If a dilute haemoglobin solution is heated at 50 ◦C for 15
min, the unstable haemoglobins precipitate as a dense cloud.
A similar effect can be induced by isopropanol at lower tem-
peratures. The isopropanol heat sensitivity test is more sensitive
and specific than simple heat instability. Some of these variants
can be seen on haemoglobin electrophoresis, but others are elec-
trophoretically silent, because they result from a neutral amino
acid substitution; these can be demonstrated only by the heat
precipitation test. DNA analysis can provide definitive diagno-
sis, typically by sequencing of the α- or β-globin genes, and this
is increasingly used at an early stage as sequencing gets faster and
cheaper.

Treatment
Splenectomy seems to be beneficial in some cases, although
experience is inevitably limited. Intermittent blood transfusions
may be necessary. If haemolysis is very severe, the patient may
benefit from regular blood transfusions and bonemarrow trans-
plantation should be considered.

High-oxygen-affinity haemoglobin variants

Some haemoglobin variants cause increased oxygen affinity,
which results in varying degrees of polycythaemia. These are
rare and occur sporadically; haemoglobin Chesapeake (α92,
Arg→Leu) was the first one identified in 1966.

Molecular pathology
Some high-oxygen-affinity haemoglobin variants result
from single amino acid substitutions at critical parts of the
haemoglobin molecule that are involved in the configurational
changes which underlie haem–haem interaction and the pro-
duction of a sigmoid oxygen dissociation curve at the junctions
between the α- and β-subunits. Others involve the amino
acids concerned with the binding of 2,3-DPG to haemoglobin.
Reduced 2,3-DPG binding moves the oxygen dissociation curve
to the left, reducing the P50 and causing the haemoglobin

to hold on to oxygen more avidly than normal. This causes
functional anaemia, with tissue hypoxia, which in turn causes
an increased output of erythropoietin and an elevated red
cell mass.

Clinical features
Most affected individuals are completely healthy and are iden-
tified only when a routine haematological examination shows
an unusually high haemoglobin level or haematocrit. There is
no splenomegaly and, apart from a raised red cell mass, there
are no associated haematological findings. Although it might be
expected that a high-oxygen-affinity haemoglobin would cause
defective oxygenation of the fetus, none of the reported families
has a history of such problems.

Diagnosis
The condition should be suspected in any patient with a pure red
cell polycythaemia associated with a left-shifted oxygen dissoci-
ation curve. Erythropoietin levels will typically be inappropri-
ately high for the haematocrit. The absolute reticulocyte count
may be slightly elevated, although the reticulocyte percentage
should be normal. The erythron is expanded, as shown by high
plasma concentrations of soluble transferrin receptor. The diag-
nosis can be confirmed by haemoglobin analysis using chro-
matography, mass spectrometry or DNA analysis.

Treatment
In asymptomatic individuals, no treatment is necessary. The
difficulty arises if there is associated vascular disease, particu-
larly coronary or cerebral artery insufficiency. As these patients
require a high haemoglobin level for oxygen transport, vene-
section should be carried out with great caution. Venesection
is undertaken because of increased risk of vascular complica-
tions, and typically the aim is to keep the haematocrit below 0.55,
although there is little evidence to support this.

Low-oxygen-affinity haemoglobin variants

More than 50 haemoglobin variants with reduced oxygen affin-
ity have been identified, often associated with other abnor-
mal properties such as instability. The first to be described,
Hb Kansas (β102 Asn→Thr), was found in a mother and son
with unexplained cyanosis. The subjects were asymptomatic
and had normal haemoglobin levels without any evidence of
haemolysis. Like many of the high-affinity haemoglobins, the
amino acid substitution in this variant was at the interface
between the α- and β-globin chains. For reasons that are not
clear, some substitutions in this region give rise to variants
with a relatively low oxygen affinity. This condition should
be thought of in any patient with unexplained congenital
cyanosis.
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Congenital methaemoglobinaemia due to
haemoglobin variants

Several α- and β-globin variants associated with
methaemoglobinaemia have been discovered. These are usually
referred to as M-haemoglobins, for example haemoglobin
M-Boston (α58, His→Tyr). These disorders, unlike the genetic
methaemoglobinaemias due to enzyme defects, follow a
dominant pattern of inheritance. The patients are blue in
colour, and may have mild polycythaemia as methaemoglobin
does not carry oxygen. Diagnosis is based on detecting high
methaemoglobin levels, which are increasingly measured by
blood gas analysers and some pulse oximeters. Increased
methaemoglobin levels should be confirmed on formal
laboratory analysis using spectrophotometry. Subsequently
haemoglobin analysis using electrophoresis or mass spectrom-
etry is performed, or sequencing of the α- and β-globin genes.
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CHAPTER 7

7Sickle cell disease
Anne Marsh and Elliott P Vichinsky
UCSF Benioff Children’s Hospital Oakland, Oakland, California, USA

Introduction

Sickle cell disease (SCD) is an inherited chronic haemolytic
anaemia whose clinical manifestations arise from the tendency
of the haemoglobin (HbS or sickle haemoglobin) to polymerize
and deform red blood cells into the characteristic sickle shape.
This property is due to a single nucleotide change in the β-globin
gene leading to substitution of valine for glutamic acid at posi-
tion 6 of the β-globin chain (β6glu→val or βs). The homozygous
state (HbSS or sickle cell anaemia) is the most common form of
sickle cell disease, but interaction of HbS with thalassaemia and
certain variant haemoglobins also leads to sickling. The term
‘sickle cell disease’ is used to denote all entities associated with
sickling of haemoglobin within red cells (Table 7.1).

Geographic distribution of sickle mutation

Several distinct β-globin gene haplotypes are associated with
the sickle mutation, and their distribution provides evidence
for origin of the mutation in several locations within Africa
(the Senegal, Benin and Bantu haplotypes) and Asia (the Arab–
Indian haplotype). The sickle trait bestows survival benefit in
areas endemic for falciparum malaria, and the distribution of
SCDhistorically paralleled this disease. The sickle haemoglobin-
containing red cells inhibit proliferation of Plasmodium falci-
parum, and are more likely to become deformed and removed
from the circulation. In recent times, the dissemination of the
sickle mutation in different areas of the world took place from
themovement of populations via trade routes and the slave trade
(Table 7.2). The prevalence of SCD varies tremendously among

ethnic and tribal groups within a geographic area. The disease
is observed occasionally among the white population: 10% of
patients withHbSS identified by the California newborn screen-
ing programme are not of African descent.

Pathophysiology

Molecular basis of sickling

Deoxygenation of HbS leads to a conformational change that
exposes a hydrophobic patch on the surface of the βs-globin
chain at the site of β6 valine (Figure 7.1). Binding of this site
to a complementary hydrophobic site on a β-subunit of another
haemoglobin tetramer triggers the formation of large polymers.
The polymers consist of staggered haemoglobin tetramers that
aggregate into 21-nm diameter helical fibres, with one inner and
six peripheral double strands. The polymerization proceeds after
a delay, the length of which is extremely sensitive to the intracel-
lular deoxy-HbS concentration. Even a small increase in deoxy-
HbS concentration, such as might occur with cellular dehydra-
tion, profoundly shortens the delay time and augments sickling.
The haemoglobin tetramers first aggregate into a nucleus, which
rapidly expands into a fibre. The newly formed fibre provides
nuclei on its surface for aggregation of haemoglobin tetramers
to form several more fibres.
The polymerization of HbS in the circulating red cells is influ-

enced by the oxygenation status, the intracellular haemoglobin
concentration and the presence of non-sickle haemoglobins.
Acidosis and elevated levels of 2,3-diphosphoglycerate (2,3-
DPG) promote polymer formation by reducing the oxygen affin-
ity of haemoglobin. The presence of HbA within the red cells,
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Table 7.1 The sickling syndromes.

Haemoglobin electrophoresis (%)

Genotype
Mean
haemoglobin (g/L) MCV S A F A2 Other

SS 81 N 80–95 – 2–20 N –
SS –α/αα, SS –α/–α 86, 92 ↓, ↓ 80–90, 80–90 –, – 2–20, 2–20 3.3–3.8, 3.3–3.8 –, –
SC 110 ↓ 40–50 – 1–4 C: 40–50
S/β0-thalassaemia 88 ↓ 75–90 – 2–20 4–6 –
S/β+-thalassaemia 115 ↓ 50–85 5–30 2–20 4–6 –
SD Punjab 82 N 40 – 2.5–5 2–3 D Punjab: 50
SO Arab 81 N 45 – 4–7 O Arab: 45
S Lepore 110 ↓ 75 – 3.5–40 2 Lepore: 10
SE 130 ↓ 60 – 4 E: 30–35
S/HPFH 137 N or ↓ 60–70 – 25–35 1.5–2.5 –
AS* N N 30–45 50–65 2–5 N –

*Sickle cell trait is asymptomatic.
MCV, mean corpuscular volume.

as in sickle trait, inhibits polymerization by diluting HbS. The
inhibitory effect of HbF on polymerization of HbS is more pro-
found owing to the greater amino acid disparity between the βs-
and γ-globin chains.

Effect on erythrocytes

Red cells acquire the sickle or elongated shape upon deoxy-
genation as a result of intracellular polymerization of HbS, a
phenomenon that is reversible on reoxygenation. Even in the

Table 7.2 Areas of high prevalence of sickle mutation.

Geographic region Heterozygote rate (%)

Africa
Northern 1–2
Western 10–30
Central 7–37
Southern 0–5

Mediterranean
Northern Greece 1–27
Southern Italy

Americas
United States: African ancestry 8
Caribbean: African ancestry 10
Brazil: non-white 7

Asia
Saudi Arabia: south-west 5
Saudi Arabia: eastern province 25
India: central India – tribal

population
20–30

normally shaped red cells, however, the presence of HbS poly-
mer reduces deformability, with consequent increase in blood
viscosity. Repeated or prolonged sickling progressively dam-
ages the red cell membrane, which is a phenomenon of pri-
mary importance in the pathophysiology of SCD. Membrane
damage causes movement of potassium ions and water out
of the cell by the Gardos pathway and potassium–chloride
cotransport, leading to dehydration of red cells. The intracel-
lular haemoglobin concentration rises (producing dense cells),
which shortens the delay time to sickle polymer formation. A
second key consequence of membrane damage is alteration of
the chemistry of the red cell membrane. Perturbation of lipid
organization causes negatively charged phosphatidylserine to
appear on the red cell surface instead of its normal location in
the inner monolayer. In addition, the red cells become abnor-
mally adherent to the vascular endothelium through vascu-
lar cell adhesion molecule (VCAM)-1, thrombospondin and
fibronectin.

Vaso-occlusion

Several processes contribute to development of vaso-occlusion
in SCD. Slowing of blood flow arises from abnormal regu-
lation of vascular tone as a result of diminished nitric oxide
(NO)-induced vasodilatation. This is aggravated by increase
in blood viscosity, resulting from less deformable red cells, a
phenomenon called abnormal rheology. Vaso-occlusion is ini-
tiated by adhesion of young deformable red cells to the vascu-
lar endothelium, and is followed by trapping of rigid irreversibly
sickled cells (Figure 7.2). Adhesion occurs in the postcapillary
venules and is promoted by leucocytosis, platelet activation and
inflammatory cytokines.
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Figure 7.1 Induction of red cell sickling. As red cells
traverse the microcirculation, oxygen is released from
oxy-HbS (red circles), generating deoxy-HbS (purple
circles). Conformational change exposes a hydrophobic
patch at the site of the β6-valine replacement, shown as
a projection (left column), which can bind to a
complementary hydrophobic site on a subunit of
another haemoglobin tetramer, shown as an
indentation. Only one of the two β6-valine sites in each
HbS tetramer makes this contact. The middle column
shows the assembly of deoxy-HbS into a helical
14-strand fibre, shown as a twisted rope-like structure.
The delay time is inversely proportional to the
intracellular haemoglobin concentration raised to the
15th power. As deoxy-HbS polymerizes and fibres
align, the red cell is distorted into an elongated banana
or ‘sickle’ shape (right column). (Source: Bunn, 1997
[New Engl J Med 337: 762–9]. Reproduced with
permission of Massachusetts Medical Society.)

Haemolysis

SCD is characterized by chronic intravascular and extravascu-
lar haemolysis. Sickling-induced membrane fragmentation and
complement-mediated lysis cause intravascular destruction of
red cells. Membrane damage also leads to extravascular haemol-
ysis through entrapment of poorly deformable cells or uptake by
macrophages. The red cell survival, measured by 51Cr assay, is
4–25 days, with dense cells surviving for a considerably shorter
time than red cells containing some HbF (F cells). Patients have
greatly expanded bone marrow space, but the serum erythro-
poietin level is lower than expected for the extent of anaemia
because of the decreased oxygen affinity of HbS. Individuals
with concomitant deletion of one or two α-globin genes, or
the Senegal or Arab–Indian haplotypes, have higher baseline
haemoglobin levels. The significance of chronic intravascular
haemolysis in SCD extends beyond anaemia, since the release
of free haemoglobin causes depletion of NO in the plasma. This
is linked to endothelial dysfunction and the development of sev-
eral complications, including pulmonary hypertension.

Clinical manifestations

Clinical symptoms vary tremendously between patients with
SCD. The disease is more severe in patients with HbSS or
HbS/β0-thalassaemia than in those with HbS/β+-thalassaemia

or HbSC disease. However, for increasingly recognized reasons,
the disease severity varies enormously, even within the sub-
group of patients with HbSS. Genetic modifiers that influence
both laboratory and clinical parameters in part explain the phe-
notypic heterogeneity of SCD. Some of the genetic modifiers
known to impact disease phenotype include coinheritance of
α-thalassemia trait, β-globin haplotype, modifiers of endoge-
nous haemoglobin F production, UGT1A1 promoter polymor-
phisms and genes that have shown protection against stroke.
The coinheritance of one or two α-gene deletions results in
lower MCV, MCH, total bilirubin and absolute reticulocyte
counts. The Senegal and Arab–Indian β-globin haplotypes pro-
duce less severe clinical disease than the other African haplo-
types. The high HbF level observed in hereditary persistence of
fetal haemoglobin (HPFH) is associated with very mild disease.
Certain BCL11A single nucleotide polymorphisms known to
positively affect endogenous fetal haemoglobin production have
been shown to have favourable laboratory profiles andmay serve
as potential targets for gene editing of haemopoietic stem cells.
Specific promoter mutations within the UTG1A1 gene, encod-
ing an enzyme necessary for bilirubin conjugation, are corre-
lated with increased bilirubin levels and a propensity to develop
cholelithiasis. Mutations within the GOLGB1 and ENPP1 genes
have been shown to have a protective effect against stroke in
SCD. These and other genetic modifiers help to explain the
phenotypic heterogeneity observed in this monogenic disease.
Genome-wide genetic association studies and identification of
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Figure 7.2 Endothelial red cell adhesion and vaso-occlusion in
sickle cell disease. Adhesive sickle reticulocytes initiate
vaso-occlusion by becoming attached to the endothelium of vessel
walls. Thereafter, poorly deformable red cells begin to accumulate
behind the site of adhesion, ultimately resulting in an occluded
vascular segment containing many sickled red cells. The inset
shows the site of red cell attachment to an endothelial cell and
several adhesion mechanisms that could participate in the
vaso-occlusive process. On the red cell, the relevant adhesion
receptors include CD36, which binds thrombospondin (TSP), and
integrin α4β1, which binds both fibronectin (FN) and vascular cell

adhesion molecule (VCAM)-1. On the endothelial cell, the
receptors include CD36; integrin αvβ3; the complex of
glycoproteins Ib, IX and V (gp Ib–IX–V), which binds von
Willebrand factor (VWF); and VCAM-1. Adhesive interactions
between the red cell and endothelial cells may be direct (α4β1 to
VCAM-1) or mediated by a plasma factor (CD36 to TSP to αvβ3).
The list of molecules identified as involved in mediating adhesion
continues to increase and redundancy in the system is likely.
Question marks indicate unidentified receptors. (Source: Hebbel,
2000 [New Engl J Med 342: 1910–12]. Reproduced with
permission of Massachusetts Medical Society.)

epigenetic phenomena are likely to identify other potential
modifiers of disease severity.
In countries with inadequate healthcare, SCD is associated

with high mortality in the first three years of life as a result of
sepsis and splenic sequestration. In the developedworld, the typ-
ical patient with SCD has moderately severe anaemia, leads a
relatively normal life interrupted by ‘crises’ as a result of vaso-
occlusion, and has a life expectancy of over 45 years.

Anaemia

The underlying β-globin genotype primarily determines the
baseline haemoglobin value in SCD, but exacerbation of
anaemia can occur for numerous reasons. Patients with more
severe anaemia at baseline have a greater probability of develop-
ing stroke and renal dysfunction. On the other hand, a higher
haemoglobin level is associated with a higher incidence of

painful episodes, avascular necrosis and acute chest syndrome.
Infants with SCD have lower than normal haemoglobin lev-
els after the neonatal period, and the decline continues until
it reaches a nadir between 12 and 15 months of age. Boys are
slightly more anaemic than girls in the first decade, whereas
adult men have higher haemoglobin values than women. Grad-
ual exacerbation of anaemia is observed in both sexes beginning
in the fifth decade.
A gradual decrease in haemoglobin level from the baseline

value may indicate an underlying folate or iron deficiency. In
older patients, however, inadequate erythropoietin production
due to chronic renal insufficiency is the most important aeti-
ology of worsening anaemia. Many such patients will become
transfusion dependent, although recombinant human erythro-
poietin therapy can improve the anaemia.
Acute exacerbations of anaemia are observed with aplas-

tic crises and splenic sequestration. The transient arrest of
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erythropoiesis and the resultant reticulocytopenia in aplas-
tic crisis is most often due to parvovirus B19 infection. The
reticulocytopenia begins 5 days after exposure, lasts for 7–
10 days and is followed by recovery with reticulocytosis and
normoblasts in peripheral blood. Blood transfusion is often
required in the short term. Parvovirus B19 infection is followed
by development of lifelong protective immunity.
Splenic sequestration is a serious complication in young chil-

dren whose spleen has not yet undergone fibrosis due to recur-
rent vaso-occlusion. The peak incidence of the first episode of
sequestration is between 6 and 12 months of age and affects
30% of all patients. Approximately 15% of patients die dur-
ing the acute episode and the condition recurs in half of the
survivors. Episodes may be triggered by a viral illness and the
rapid acute enlargement of the spleen traps a significant pro-
portion of the blood volume. Clinically, the child presents with
acutely worsening anaemia (>20 g/L fall in haemoglobin), retic-
ulocytosis, enlarging spleen and hypovolaemic shock. Prompt
restoration of the blood volume and correction of anaemia is
required. Splenectomy is recommended following a sequestra-
tion crisis due to the risk of recurrences. Chronic transfusion
therapy or partial splenectomy is sometimes used in infants with
life-threatening anaemic episodes. Parent education to detect
splenic enlargement and seek early medical attention signifi-
cantly reduces the risk of death from sequestration crisis.

Acute painful episode

An acute episode of pain due to vaso-occlusion is the most
frequent symptom for which patients with SCD seek medical
attention. Painful episodes are more common in young adults
and tend to diminish in older patients. One-third of patients
with SCD rarely experience pain, whereas a small subgroup of
patients suffer from recurrent episodes.When patientsmaintain
a pain diary, painful events are noted on up to half of the days,
but are not severe enough to require visit to a physician. Painful
episodes vary in intensity and generally last for a few days. The
majority of the episodes have no identifiable cause, although
some attacks are precipitated by cold, dehydration, infection,
stress or menses.
In young children, the initial pain episode typically presents as

dactylitis or hand–foot syndrome, with swelling over the dorsal
surface of hands and feet. It arises from bone infarction affecting
the small bones and the swelling subsides over 1–2 weeks. The
radiographs show thinning of cortex and destructive changes
of the affected small bones several weeks after onset. In older
children and adults, the common sites of pain are the back,
chest, extremities and abdomen. Chest pain is of special signif-
icance as it can precede development of acute chest syndrome.
Frequent incapacitating painful episodes that are inadequately
managed have adverse psychosocial consequences and stress the
physician–patient relationship.

Growth and development

Children with SCD are born with normal weight, but fall behind
other children by the end of the first year. The weight deficit per-
sists through adulthood and imparts a thin habitus to the typi-
cal patient, although obesity is seen in some cases. The rate of
growth is lower than normal in SCD patients, and the pubertal
growth spurt is delayed by 1–2 years, but the final adult height
is normal. Delays also occur in skeletal maturation and onset of
puberty, and female patients achieve menarche 1–2 years later
than their peers.

Infections

Early loss of splenic function from recurrent vaso-occlusion
and the inability to make specific IgG antibodies to polysac-
charide antigens increases the risk of fulminant sepsis. Pneu-
mococcal infection is a serious problem in SCD, particularly
in children under 3 years (Figure 7.3). Meningitis can accom-
pany pneumococcal sepsis, and the overall mortality rate is 20–
50%. Patients who have had previous pneumococcal sepsis are
at increased risk for recurrent episodes and must remain on
lifelong penicillin prophylaxis.Haemophilus influenzae type B
is the next most common organism and affects older children.
There is considerable variation in the relative incidence of bacte-
rial organisms causing sepsis in young children with SCD in var-
ious regions of the world. In Africa, Salmonella spp., Klebsiella
spp., Escherichia coli and Staphylococcus spp. are more com-
monly isolated from the blood of febrile children than Strep-
tococcus pneumoniae. The incidence of pneumococcal and
H. influenzae sepsis has declined as a result of penicillin prophy-
laxis and vaccination of infants. The risk of death during septic
episodes has decreased considerably owing to empirical use of
antibiotics to treat fever in SCD.
Of the other infections, pneumonia is particularly common

in SCD and can be difficult to differentiate from non-infective
causes of acute chest syndrome. The most frequent organ-
isms responsible for pneumonia areMycoplasma pneumoniae,
Chlamydia pneumoniae, S. pneumoniae and H. influenzae.
Lung infections can also arise due to respiratory viruses. In
adults, bacteraemia and urinary tract infections due to E. coli
and other Gram-negative organisms are more frequent. Patients
with SCD are susceptible to osteomyelitis caused by bone infarc-
tion resulting from vaso-occlusion. The infection is typically due
to Salmonella spp. or Staphylococcus aureus.

Neurological complications

Neurological complications are an important cause of morbid-
ity in SCD. Transient ischaemic attacks or stroke due to cerebral
infarction or haemorrhage occur in 25% of patients with SCD
(Figure 7.4a). The risk of stroke is increased with lower base-
line haemoglobin, low HbF level, high leucocyte count or high
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Figure 7.3 Overwhelming pneumococcal sepsis in a 7-year-old
child. (a) Numerous bacteria in the blood adjacent to the right
ventricular wall. Massive sequestration of the spleen (b) and the
liver (c).

systolic blood pressure. Vascular damage results from elevated
cerebral blood flow velocities and interaction of rigid or adher-
ent sickle cells with the vessel wall. Angiography demonstrates
stenosis or occlusion of vessels in the circle ofWillis and internal
carotid arteries, sometimes with aneurysm formation or devel-
opment of moyamoya disease (Figure 7.4b).
Stroke due to infarction is more frequent in young chil-

dren and those over 30 years of age, whereas haemorrhage
is more common between 20 and 30 years. Stroke is rare in
infants, increases to 1 in 100 patients per year between 2
and 9 years, and then diminishes to half that incidence in
older patients. The incidence of stroke is 5–10 times greater in
HbSS compared with HbSC, HbS/β+-thalassaemia or HbS/β0-
thalassaemia. Focal seizures or transient ischaemic attacks are
common presenting symptoms of stroke, followed by hemi-
paresis, coma and speech or visual disturbances. The site of
bleeding in haemorrhagic stroke is frequently subarachnoid, and
these patients present with severe headache, vomiting and coma.
Death can occur during the acute event, particularly with haem-
orrhagic stroke. Patients with neurological symptoms should be
evaluated by computed tomography (CT) ormagnetic resonance
imaging (MRI) to distinguish thrombosis from haemorrhage.
Immediate exchange transfusion to lower the HbS level to less
than 30% is required. Patients with haemorrhage may require
surgical intervention to ligate accessible aneurysms. Surgical
vascular bypass procedurewith extracranial arteries (encephalo-
dural synangiosis) should be considered in children with moy-
amoya disease. Even in the absence of overt stroke, silent cerebral
infarcts (SCI) are commonly observed on MRI in SCD and are
linked to progressive neuropsychiatric andneurological damage,
and poor school performance. Acute silent cerebral ischaemic
events, which are distinct from overt stroke and SCI, are much
more common than previously recognized and are an additional
contributor to neurocognitive impairment.
Prevention, early detection and treatment of neurologic com-

plications is important. Transcranial Doppler (TCD) ultra-
sonography has been shown to be an effective screening tool for
identification of stroke risk. TCD screening should begin at 2
years of age and continue annually into the late teenage years.
Increased blood flow velocity due to stenosis can be detected
by TCD ultrasonography in asymptomatic patients, and flow
rates in excess of 200 cm/s correlate with a high risk of stroke.
Development of first stroke in children at risk, who are iden-
tified by elevated cerebral Doppler blood flow velocity, can be
prevented effectively through regular transfusions. A random-
ized controlled trial comparing the effectiveness of hydroxycar-
bamide as an alternative to transfusion for primary stroke pre-
vention is ongoing. In patients who have already had a stroke,
a prospective randomized controlled trial comparing transfu-
sion to hydroxycarbamide for secondary stroke prevention was
undertaken, but was terminated early due to a high prevalence
of events in the hydroxycarbamide arm. Patients treated with
transfusions had fewer neurologic as well as non-neurologic
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Figure 7.4 Complications of sickle cell disease: (a) stroke; (b) moyamoya transformation; (c) acute chest syndrome; (d) avascular necrosis
of hip joint; (e) chronic leg ulcer.
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sickle-cell-related serious adverse events. Though hydroxycar-
bamide has been shown to lower the incidence of pain and acute
chest syndrome, its efficacy in the prevention and progression of
cerebral vascular disease is less effective. Blood transfusions are
therefore still considered the standard of care for both primary
and secondary stroke prevention.

Pulmonary complications

Acute and chronic pulmonary complications are the leading
cause of death in older patients. The acute chest syndrome is
characterized by hypoxia, tachypnoea, fever, chest pain and pul-
monary infiltrate on chest radiography (Figure 7.4c). Acute chest
syndrome often follows a painful event, particularly in adults
(Table 7.3). The pathogenesis of acute chest syndrome involves
vaso-occlusion, infection or embolization of bone marrow fat.
Infections due to Mycoplasma, Chlamydia, Legionella, pneu-
mococcus, H. influenzae and viruses are more likely in chil-
dren. Fat-laden pulmonary macrophages in the airways due to
fat embolization from the bone marrow are present in half of
the cases. Hypoxia due to acute chest syndrome can result in
widespread sickling and vaso-occlusion, with risk of multiorgan
failure. Patients should receive supplemental oxygen, incentive
spirometry and antibiotic therapy directed towards the common
organisms. Most patients have a bronchoreactive component
and should receive bronchodilator therapy. Patients require close
monitoring for persistent hypoxia or worsening lung consolida-
tion for which blood transfusion should be provided. Exchange
transfusion and mechanical ventilation is sometimes needed in
rapidly progressive cases. NO and steroids may be beneficial in
life-threatening cases.
Chronic pulmonary problems seen in SCD are obstruc-

tive and restrictive lung disease, pulmonary hypertension and
hypoxia. Asthma, a form of obstructive lung disease, has a mul-
tifactorial pathophysiology in SCD and is influenced by genetic
factors, environmental factors, the presence of a chronic under-
lying inflammatory state, and haemolysis-induced arginine–
nitric-oxide dysregulation. Asthma has been shown to be an

Table 7.3 Presenting symptoms of acute chest syndrome.

Symptom Children (%) Adults (%)

Fever 86 70
Shortness of breath 31 58
Chest pain 27 55
Extremity pain 22 58
Rib pain 14 30

Adults are more likely than children to have pain preceding the onset of
pulmonary symptoms.

independent predictor of morbidity and mortality and may be
missed during a physical examination. Screening for asthma
with formal pulmonary function testing should be considered.
Pulmonary hypertension is another independent predictor of
mortality and morbidity in SCD. The diagnosis of pulmonary
hypertension is associated with a 10-fold increase in relative
risk of dying compared with patients who have normal pul-
monary artery systolic pressure. Echocardiography can detect
an elevated tricuspid regurgitant velocity (>2.5 m/s), which is
observed in 20% of paediatric patients. Right heart catheteri-
zation is necessary to confirm the diagnosis (pulmonary artery
pressure >25 mmHg). The prevalence of right heart catheter-
confirmed pulmonary hypertension is approximately 10%. Pul-
monary hypertension is more frequent among patients with
high rates of chronic haemolysis, reflected by marked elevation
in plasma lactate dehydrogenase (LDH). Hydroxycarbamide
therapy should be strongly considered in SCD patients with
pulmonary hypertension. Severely affected patients have been
treated with regular transfusions, anticoagulation and oxygen
inhalation. Current data do not support the use of targeted pul-
monary arterial hypertension pharmaceuticals. Lastly, hypoxia,
both daytime and nocturnal, has been associated with the devel-
opment of pain and acute chest syndrome and can be prevented
with effective treatment.

Hepatobiliary complications

The liver can be affected by hepatic sequestration, intrahepatic
cholestasis, transfusion-acquired infection and transfusional
haemosiderosis. Episodes of cholestasis due to intrahepatic sick-
ling can lead to liver failure in rare instances. Pigmented gall-
stones are seen in two-thirds of patients, particularly those with
HbSS, and can occur in young children. Patients with abdominal
symptoms attributable to gallstones should undergo cholecys-
tectomy, although the management of asymptomatic gallstones
is less clear. Laparoscopic cholecystectomy can be safely per-
formed, but associated common duct bile stones first require
endoscopic retrograde cholangiopancreatography. As patients
with sickle cell disease are living longer into adulthood, cirrho-
sis and liver failure are becoming increasingly prevalent disease-
related sequelae. Vigilance for hepatic dysfunction, aggressive
iron chelation in transfused patients, and prompt recognition
and treatment of hepatobiliary disease in children may prevent
development of hepatic end-organ dysfunction in adults.

Pregnancy

The steady-state haemoglobin level falls in SCD during preg-
nancy, similar to the decline in haemoglobin observed in normal
pregnant women. Folate deficiency can exacerbate the anaemia
and supplements should be provided throughout pregnancy.
Painful episodes become more common in the last trimester.
The incidence of pre-eclampsia is higher than normal in SCD

105



Postgraduate Haematology

patients and there is a slight increase in maternal mortality.
Risk to the fetus from abortion, stillbirth, low birth weight and
neonatal death is also increased. Prophylactic transfusions dur-
ing pregnancy or the type of delivery do not alter the outcome
for mother or newborn. It is safe to use oral contraceptives for
birth control in SCD.

Renal complications

The hypoxic, acidotic and hypertonic renal medulla favours
vaso-occlusion, leading to destruction of the vasa recta and
hyposthenuria in the first year of life. It presents clinically as
enuresis or nocturia, and patients are susceptible to dehydration
in hot weather. Haematuria as a result of papillary necrosis usu-
ally originates from the left kidney. Management is generally by
bed rest and hydration, although sometimes blood transfusion
and ε-aminocaproic acid are required. The prevalence of essen-
tial hypertension in SCD is lower than in the general popula-
tion, although elevated systolic blood pressure is a risk factor for
stroke. Proteinuria due to glomerular injury precedes develop-
ment of nephrotic syndrome and eventual chronic renal insuf-
ficiency in one-quarter of adults. The progression to renal fail-
ure can be delayed by angiotensin-converting enzyme inhibitors.
Careful control of blood pressure, avoidance of non-steroidal
anti-inflammatory drugs (NSAIDs) and aggressive treatment of
urinary tract infection and anaemia are important objectives for
patients with chronic renal insufficiency. Patients with end-stage
renal disease are treated with dialysis and renal transplantation.
Some renal complications, such as hyposthenuria and haema-
turia, are also observed in individuals with sickle trait, as is the
rare renal medullary carcinoma.

Priapism

Priapism occurs in two-thirds of males with SCD, with a peak
incidence in the second and third decades. It is caused by vaso-
occlusion leading to obstruction of venous drainage from the
penis. It typically affects the corpora cavernosa alone, resulting
in a hard penis with a soft glans. Episodes can be brief (stut-
tering) or prolonged, when they last for longer than 3 hours.
Recurrent priapism leads to fibrosis and eventual impotence.
Young boys require explanation of symptoms and the need to
seek early help for priapism. At the onset of priapism, patients
should drink extra fluids and attempt to urinate. An oral dose
of pseudoephedrine or terbutaline can be given. Persistent pri-
apism requires intravenous hydration and opioid analgesia. If
priapism persists for more than 2–3 hours, aspiration and irri-
gation of the corpora with dilute phenylephrine or etilefrine
solution should be performed. A simple intracavernosal injec-
tion with these agents tried early may induce detumescence and
avoid the need for aspiration and irrigation. Sildanefil has been
proposed as a therapeutic agent for the prevention of recurrent
ischaemic priapism, but data on its efficacy is lacking.

Ocular complications

Vaso-occlusion of retinal and other vascular beds in the eye
can lead to grave complications. Patients with SCD can develop
abnormal (comma-shaped) conjunctival vessels, iris atrophy,
retinal pigmentary changes and retinal haemorrhages. However,
much more serious is neovascularization causing proliferative
retinopathy, appearing as a ‘sea fan’, with its potential for vitreous
haemorrhage and retinal detachment. Such patients are treated
with laser photocoagulation or vitrectomy. The incidence of pro-
liferative changes is substantially higher in HbSC and HbS/β+-
thalassaemia patients than in HbSS. All patients with SCD
should have annual ophthalmological evaluation, beginning in
the second decade.
Sudden change in vision in a patient with SCD is an ocular

emergency. Central retinal artery occlusion requires immediate
treatment with hyperoxygenation and reduction of intraocular
pressure, but the prognosis for vision is poor. Hyphaema, which
can arise after minor trauma, leads to glaucoma due to sickling
of blood in the anterior chamber. The elevated intraocular pres-
sure causes ischaemic optic atrophy and retinal artery occlusion.
Individuals with sickle trait are also vulnerable to this compli-
cation. Urgent surgical attention is required to wash out blood
from the anterior chamber.

Bone complications

The chronic haemolytic process results in expansion of the
medullary space. Bone infarction due to vaso-occlusion pro-
duces tenderness, warmth and swelling, which can be difficult
to distinguish from osteomyelitis. In such cases, cultures from
blood and direct aspiration are negative and radiography later
shows patchy sclerosis and cortical thickening. Collapse of ver-
tebral end plates due to infarction produces the codfish appear-
ance. Patients are managed with analgesia and hydration until
resolution of symptoms.
Avascular necrosis of the femoral head is a serious complica-

tion that is difficult to treat and leads to chronic disability and
pain (Figure 7.4d). Patients with coexisting α-thalassaemia have
a higher incidence of osteonecrosis at a younger age. The con-
dition also affects the humeral head, but with fewer functional
consequences. Aggressive physical therapy or combination of
early core decompression followed by physical therapy can post-
pone the need for additional surgical intervention. Hip arthro-
plasty may be required for patients with severe symptoms.

Leg ulcers

Chronic leg ulcers are frequent in adult patients with SCD, par-
ticularly affecting males with the HbSS genotype (Figure 7.4e).
Ulcers arise near the medial or lateral malleolus andmay be sin-
gle or multiple. Occlusion of skin microvasculature from sickle
red cells predisposes to ulcers, which are made worse by trauma,
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infection or warm climate. Ulcers are always colonized with
pathogenic bacteria (Pseudomonas aeruginosa, S. aureus and
Streptococcus spp.) and acute infection can occur. The ulcers
are painful and resistant to healing, and although bed rest and
elevation of the leg are efficacious, they may not be practical,
owing to the chronic nature of the problem. Treatment requires
debridement, elastic dressings, zinc sulfate and, in some cases,
red cell transfusions and skin grafting.

Variant sickle cell syndromes

Sickle cell trait

Sickle cell trait (HbAS) is a benign condition that has no haema-
tological manifestations and is associated with normal growth
and life expectancy. The ratio of HbA to HbS is 60:40, owing
to the greater affinity of α-globin chains for βA-globin chains.
Sickle cell trait affects 8–10% of African-Americans and up to
25–30% of the population in West Africa. Sickle trait reduces
the risk of severe falciparum malaria, but not the prevalence of
parasitaemia. There appears to be no effect on infections with
other forms of malaria. Impaired urine-concentrating ability
and haematuria can occur, and an increased incidence of uri-
nary tract infection is observed in pregnant women with sickle
cell trait. Splenic infarction is possible at very high altitudes. A
slight risk of sudden death during exercise has been reported.
Sickling and vaso-occlusion under extreme circumstances can
lead to rhabdomyolysis, acute renal failure and cardiac arrhyth-
mias. Like all people, individuals with sickle cell trait are
advised to gradually increase exercise intensity, to avoid dehy-
dration and to stop physical activity with the onset of muscle
cramp or fatigue. Treatment of sudden collapse consists of rapid
intravenous hydration and oxygen supplementation. Genetic
counselling should be provided to individuals with sickle cell
trait.

HbSC disease

HbC is found among individuals of African descent and the
compound heterozygous state HbSC accounts for 25–50% of
patients with SCD. The vaso-occlusive complications seen in
patients with HbSC resemble those seen in patients with HbSS,
but are less severe. Splenomegaly and the risk of sequestra-
tion can persist into adult life. Of particular note is the higher
incidence of proliferative retinopathy in HbSC beginning in
the second decade. The haemoglobin level (100–120 g/L) is
higher than in HbSS, and the red cells are relatively microcytic
with a higher mean corpuscular haemoglobin concentration
(MCHC). Peripheral blood smear reveals frequent target cells,
intraerythrocytic crystals and rare sickle cells. Equal amounts
of HbS and HbC are present in the red cells and the solubil-
ity test for sickle haemoglobin is positive. The electrophoretic

appearance of HbSC, HbSE and HbSO Arab at pH 8.4 is sim-
ilar, but a distinction can be made based on ethnicity and by
performing isoelectric focusing or agar gel electrophoresis at
pH 6.5.

Sickle cell/𝛃-thalassaemia

Sickle cell/β-thalassaemia compound heterozygotes account for
less than 10% of patients with sickle syndromes. The majority
of these patients have the β+-phenotype, with the proportion of
HbA ranging from 3 to 25%. The clinical phenotype is mild and
disease severity correlates with the amount of HbA present. The
clinical manifestations of the less frequent HbS/β0-genotype are
similar in severity to those of HbSS. The red cells are microcytic
and hypochromic, and variable numbers of target cells and sickle
cells are observed. Reticulocytosis (10–20%) is present and the
level of HbA2 is elevated.

Sickle cell anaemia with coexistent
𝛂-thalassaemia

Coinheritance of αα-thalassaemia (−α/αα or −α/−α) with SCD
is common, and such patients have less severe anaemia and
demonstrate hypochromia and microcytosis. In general, the
clinical severity is similar to that seen in HbSS patients with a
normal complement of α-globin genes.

Sickle cell/HPFH

Approximately 1 in 100 patients with HbSS has an elevated HbF
level due to deletional or non-deletional mutations that main-
tain γ-globin gene expression after birth. Such individuals have
20–30% HbF and less than 2.5% HbA2. The haemoglobin level
is normal, with microcytosis, and target cells are observed in
the peripheral smear. The clinical course is benign, and vaso-
occlusive complications are rare because of the inhibition of
sickling by elevated HbF.

Other sickling syndromes

Sickle cell/Hb Lepore disease
Coinheritance of Hb Lepore with sickle cell mutation produces
a clinical picture similar to that of HbS/β-thalassaemia, but with
a low HbA2 level.

Sickle cell/HbD disease
Of all the D or G haemoglobins, HbD Punjab (D Los Ange-
les) alone interacts with HbS to produce moderately severe
haemolytic anaemia in compound heterozygotes. Target cells
and irreversibly sickled cells (ISCs) are observed in the periph-
eral smear, and the clinical manifestations resemble mild sickle
cell anaemia.
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Sickle cell/HbO Arab disease
HbO Arab resembles HbC on alkaline electrophoresis and pro-
duces a moderately severe haemolytic anaemia in association
with HbS. The disease is more severe than HbSC, and numer-
ous sickled erythrocytes are observed on the peripheral smear.

Sickle cell/HbE disease
HbSE disease causes mild haemolysis and no remarkable abnor-
mality of red blood cell morphology. HbE comprises only 30% of
the total haemoglobin because of the thalassaemic nature of the
mutation. Patients are generally asymptomatic, although occa-
sionally significant vaso-occlusive complications and anaemia
have been observed.

Diagnosis

Peripheral blood findings

The peripheral blood picture depends on the type of sickle
cell syndrome. The haemoglobin level is normal in the new-
born period, but anaemia develops and sickle or cigar-shaped
ISCs can be observed in the peripheral blood by 3–4 months of
age as HbF declines. In HbSS disease, the red cells are normo-
cytic and normochromic, with polychromasia, many ISCs and
fewer target cells (Figure 7.5a). The average reticulocyte count
is 10% (4–20%) and normoblasts may be observed. Red cells
are microcytic in the presence of coexisting α-thalassaemia or
iron deficiency. In HbS/β-thalassaemia, ISCs, target cells and
hypochromic microcytic red cells are prominent. The red cell
morphology in HbSC disease is characterized by predominant
target cells and rare ISCs. The occasional Howell–Jolly body,
indicative of loss of splenic function in SCD, may be observed.
The white cell count is elevated (12–20 × 109/L) as a result of
an increase in mature neutrophils. The platelet count is also
elevated to 300–500 × 109/L as a result of decreased splenic
function.

Other laboratory tests

The measurement of clotting factors in SCD indicates mild
ongoing activation of the coagulation system, even in the steady
state. The erythrocyte sedimentation rate is consistently low.
Serum levels of unconjugated bilirubin and LDH are elevated,
and haptoglobin is decreased.

Haemoglobin electrophoresis

HbS can be identified by cellulose acetate electrophoresis at pH
8.4 (Table 7.1 and Figure 7.5b). HbD and HbG have the same
electrophoretic mobility with this method, but can be distin-
guished using citrate agar electrophoresis at pH 6.2 or thin-layer
isoelectric focusing. Distinction cannot be made between HbSS

and HbS/β0-thalassaemia on electrophoresis. The diagnosis of
HbS/β0-thalassaemia is suggested by microcytosis and elevated
HbA2, and confirmed by finding β-thalassaemia trait in one of
the parents. HbA and HbS are observed upon electrophoresis
in both sickle cell trait and HbS/β+-thalassaemia; however, the
HbA fraction is greater than 50% in the former, but ranges from
5 to 30% in the latter. The level of HbF is variably elevated,
with higher levels observed in patientswith theArab–Indian and
Senegal haplotypes.

Other tests to detect sickle haemoglobin

Sickling of red cells can be induced by sealing a drop of
blood under a coverslip to exclude oxygen or by adding 2%
sodiummetabisulfite. The solubility test forHbSutilizes a reduc-
ing agent such as sodium dithionite, which is added to the
haemolysate. Deoxy-HbS is insoluble and renders the solution
turbid (Figure 7.5c). Both these tests are unable to distinguish
sickle cell trait from sickle cell anaemia and cannot be used
for primary diagnosis. They are useful aids in the identifica-
tion of an abnormal electrophoretic band as HbS and for iden-
tifying sickle cell trait in units of red cells prior to transfusion.
High-performance liquid chromatography (HPLC) can be used
instead of electrophoresis to identify and quantitate HBS and
other haemoglobins.

Newborn screening

Universal newborn screening is recommended for identifying
SCD in the neonatal period. The efficacy of penicillin prophy-
laxis in preventing death from early sepsis in SCD provided
the rationale for development of screening programmes. Blood
samples obtained by heel prick are spotted onto filter paper
and tested by electrophoresis or chromatography. Neonates with
HbSS disease and HbS/β0-thalassaemia have an FS pattern (the
order of haemoglobins indicates their relative abundance in the
sample). In sickle cell trait, the haemoglobin pattern is FAS,
whereas newborns with HbS/β+-thalassaemia have an FSA pat-
tern. Finally, the presence of the FSC pattern suggests HbSC
disease. Family studies help to make the definitive diagnosis
and, when both parents are unavailable, DNA-based testing is
useful.

Prenatal diagnosis

Prenatal diagnosis is available through direct detection of the
GAG→GTGmutation responsible for SCD in fetal cells. Genetic
counselling is difficult owing to themarked variability in clinical
manifestations within the same genotype, and the lack of abil-
ity at present to predict individual phenotype. Preimplantation
diagnosis and selection of healthy embryos may offer a solution
to this ethical problem.
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Figure 7.5 (a) Peripheral blood smear from an individual with sickle cell anaemia. (b) Haemoglobin electrophoresis showing standard
(lane a), HbSS (lanes b and c), HbSC (lane d) and sickle trait (lane e). (c) Sickle solubility assay is positive (tube a) in all three conditions.

Therapy

This section discusses general issues in themanagement of sickle
cell disease. The treatment of specific complications is addressed
in the section Clinical manifestations.

Routine healthcare

The majority of children with SCD can be managed by pae-
diatricians or community physicians in coordination with a
haematologist. Adults with SCD should also continue to have

routine office visits. Patients who suffer from more severe com-
plications or who need therapy to modify the course of SCD
require specialized care at experienced centres.
The level of healthcare available to patients with SCD varies

tremendously in different countries. Where resources are lim-
ited, the primary focus should be on penicillin prophylaxis, vac-
cination, education and analgesia for painful episodes. Where
comprehensive care is available, both medical and psychoso-
cial needs should receive attention (Figure 7.6). Sickle cell cen-
tres should have specialists in several fields who are available to
address complications that may affect different organs.
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Figure 7.6 Comprehensive care of patients with sickle cell disease.

In cases when diagnosis is made on newborn screening, the
infant should be seen within 1–2 months to instruct parents
about infections and splenic enlargement. Routine immuniza-
tion should include pneumococcal, H. influenzae, hepatitis B
and influenza vaccines. All children receive prophylactic peni-
cillinwhichmay be stopped after the age of 5 years in the absence
of any episode of pneumococcal sepsis or splenectomy. Folic
acid supplementation (1 mg daily) is recommended. Evaluation
of cerebral blood flow by transcranial Doppler should be per-
formed on all children after 2 years to identify those at risk for
stroke. Annual retinal examination is begun at 10 years. Sexu-
ally active women should have routine pelvic examinations and
receive instructions about birth control.

Infections

Fever in children with SCD requires urgent attention in the
office or emergency room. A complete blood count, blood and
urine cultures and chest radiographs should be obtained, and
lumbar puncture should be performed if meningitis is sus-
pected. Very young children with fever or older children who
appear septic should be hospitalized for intravenous antibiotics.
The choice of antibiotics depends on causative agents prevalent
locally and the pattern of resistance. In the USA, cefuroxime or
ceftriaxone are preferred, whereas high-dose penicillin is used

in several other countries. Many patients older than 2 years who
do not look septic or seriously ill can be managed at home after
receiving ceftriaxone in the emergency department. Antibiotics
should continue for 1 week when bacteraemia is documented.
In the presence of pneumonia, a macrolide should be added to
coverMycoplasma or Chlamydia. Antibiotics for osteomyelitis
should provide coverage for Salmonella and S. aureus and are
given for a period of 4–6 weeks.

Transfusion therapy

Blood transfusion in SCD is used to treat severe anaemia or
to reduce the amount of circulating sickle haemoglobin. Only
sickle-negative blood, which can be identified by negative sickle
solubility test, is used for transfusions. The blood should also be
leucodepleted, and matched for common minor E, C and Kell
antigens. A simple transfusion is used to treat severe anaemia
that is often associated with aplastic crisis and splenic sequestra-
tion.Older patients with renal failuremay also need transfusions
for declining haemoglobin level.
Dilution of circulating sickle haemoglobin can be accom-

plished by simple transfusion if the baseline haemoglobin level
is low. Exchange transfusion is required to prevent hyperviscos-
ity from the significant rise in haemoglobin when the patient
has high baseline haemoglobin or when a greater reduction in
HbS is desired. The final haemoglobin level should not exceed
120 g/L after simple or exchange transfusion. Conditions in
which a reduction in the proportion of HbS is required include
stroke, progressive acute chest syndrome, persistent priapism
or preparation for general anaesthesia. Longer-term reduction
in HbS through regular transfusions is advocated to prevent
recurrence of stroke and sequestration, and in selected patients
with leg ulcers or chronic pain. Routine blood transfusion is not
needed for pain episodes, infections, minor surgery or uncom-
plicated pregnancy.
It is possible to eliminate most complications of SCD with

the use of chronic transfusions to suppress endogenous sickle
haemoglobin production. However, alloimmunization, iron
overload and transmission of viruses are significant risks that
limit the use of transfusions for the management of severe com-
plications. In addition, because of the limited availability and
decreased safety of blood, criteria for transfusion aremore strin-
gent in less developed countries. The high incidence of alloim-
munization from minor blood group incompatibility (Rh, Kell,
Duffy and Kidd) between donors and recipients can be avoided
by use of phenotypically matched units. Genomic analysis of
RH alleles can improve the precision of blood matching and
decrease the incidence of alloimmunization. Patients on long-
term transfusions develop iron overload, which requires chela-
tion with deferoxamine, deferasirox or deferiprone. The preva-
lence of iron-induced organ damage appears to be lower in SCD
compared with thalassaemia, despite similar amounts of iron
burden. MRI and, rarely, liver biopsy are necessary to measure
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iron burden because the serum ferritin is unreliable. Because
iron accumulation can be reduced or prevented by erythrocy-
tapheresis, this technique is now preferred when venous access
is available.

Pain management

Prompt management of pain is essential, given its frequent
occurrence and potential adverse psychological consequences.
Patients with recurrent pain are best managed in a familiar
ambulatory setting rather than the emergency department (ED).
When EDmanagement is necessary, utilization of pain manage-
ment protocols can improve the delivery of care. Pain manage-
ment protocols have been shown to expedite the administration
of pain medications and facilitate more timely reassessment of
pain. The patient should be evaluated for potential infectious,
traumatic or surgical causes of pain. Pain assessment tools are
available for young patients and are also helpful in older patients
to follow the response to therapy. Adequate hydration should
be provided, along with analgesia using narcotics and NSAIDs.
Several narcotic agents are available for oral and parenteral use
and the choice of medicine depends on local experience, as
well as the patient’s preference. The use of incentive spirom-
etry reduces the potential for developing hypoxia and acute
chest syndrome secondary to hypoventilation. Under-treatment
of pain can be avoided by using patient-controlled analgesia,
which has the added benefit of reducing apparent drug-seeking
behaviour. Narcotic addiction is no more frequent in sickle cell
patients than in others requiring analgesia. NSAIDs improve
pain control with or without narcotics. Providing psychosocial
support and reassurance, and allaying anxiety, are important
goals. Chronic pain is rare in SCD and may require long-acting
narcotics for management.

Hydroxycarbamide

Hydroxycarbamide is a tremendously important drug in the
management of patientswith SCDwhohave severe clinicalman-
ifestations. Hydroxycarbamide inhibits ribonucleotide reduc-
tase, leading to S-phase arrest of replicating cells, and is used
in SCD because of its ability to stimulate production of HbF.
Hydroxycarbamide increases HbF as a result of stress erythro-
poiesis induced by its myelosuppressive effect. Patients show
variable response in the degree of rise in HbF, and some experi-
ence no change from the baseline value. Other biological effects
of hydroxycarbamide play an equally significant role in the ben-
eficial clinical effects observed during therapy. Erythrocytes of
patients on hydroxycarbamide have increased water content and
deformability and decreased adherence to vascular endothe-
lium. There is elevation of the haemoglobin level, mean cor-
puscular volume (MCV), HbF and F cells, whereas total white
cell and neutrophil count, reticulocyte count and the number
of dense sickle cells decrease. Patients on hydroxycarbamide

experience 50% reduction in the incidence of acute painful
episodes and acute chest syndrome. Transfusion needs, fre-
quency of hospital admissions and the risk of death are also
decreased. Hydroxycarbamide does not improve leg ulcers,
while the effect on priapism is unclear. Hydroxycarbamide may
reduce risk of stroke, and its role in children with elevated cere-
bral blood flow velocities is under intense study.
The efficacy of hydroxycarbamide therapy is now well estab-

lished in adults and there is growing evidence to support its
use in children. Prospective trials in paediatrics demonstrated
a reduction in both painful episodes and acute chest syndrome.
In young patients with severe disease, stem cell transplantation
should also be considered as an alternative to chronic transfu-
sions or long-term hydroxycarbamide therapy. The overall ben-
efit of hydroxycarbamide to the patient is closely related to com-
pliance, for which monitoring in the clinic and psychological
support should be provided. Patients should be made aware
that 3–6 months may elapse before clinical benefits are real-
ized.Hydroxycarbamide is offered to patients with frequent pain
episodes or acute chest syndrome. It is started at a dose of 20
mg/kg per day and increased by 5 mg/kg every 2–3months until
the absolute neutrophil count is close to 2.5 × 109/L. Compli-
ance with prescribed dose should be ascertained before each
dose escalation, up to the maximum dose of 35 mg/kg or 2000
mg/day. Patients require frequentmonitoring of blood counts, as
well as renal and hepatic function.Myelosuppression is themost
commonly encountered side-effect and temporary cessation of
therapy and dose reduction is required for neutropenia, throm-
bocytopenia, reticulocytopenia or fall in haemoglobin. Dose
modification is necessary for patients with renal failure. Skin
pigmentation affecting the nails, palms and soles is commonly
observed. There may be a temporary decline in sperm produc-
tion amongmenwhile on hydroxycarbamide treatment. Despite
concerns about the leukaemogenic and teratogenic effects of
hydroxycarbamide, no convincing increase has been reported
in SCD. Men and women should practise contraception while
taking hydroxycarbamide, and women who become pregnant
should stop the drug. No decrease in growth rate is observed in
children over 5 years using hydroxycarbamide, while the growth
effects of the drug in younger children are under evaluation.
Overall, the risks associated with hydroxycarbamide therapy
appear to be low and are certainly tolerable compared with the
perils of untreated SCD in the severely affected patient.

New therapeutic modalities

A better appreciation of the pathophysiology of SCD will make
it possible to exploit new therapeutic mechanisms (Table 7.4).
Agents under development include membrane-active chemi-
cals that improve hydration of sickle cells by blocking Gardos
channels and potassium–chloride cotransport, or inhibit red cell
adherence to endothelium. Decreased availability of NO has an
important role in vaso-occlusion in SCD, and agents that correct
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Table 7.4 Advances in the management of sickle cell disease.

Category Intervention

Newborn screening Counselling
Comprehensive care

Infection Prophylactic penicillin
Immunization

Brain injury
prevention

Screening with TCD, MRI
Neurocognitive testing
Chronic transfusions

Transfusion safety
and iron overload
prevention

Phenotypically matched red cells
Erythrocytapheresis
Iron chelation

Lung injury
prevention

Incentive spirometry
Antibiotics (including macrolides)
Transfusion
Echocardiographic screening for PHT
Prevention with hydroxycarbamide

Surgery/anaesthesia Preoperative transfusion
Avascular necrosis
of the hip

Physical therapy
Hip joint replacement

Priapism Adrenergic agonist
Antiandrogen therapy

Pain Prevention with hydroxycarbamide
Patient-controlled analgesic devices
Non-steroidal anti-inflammatory drugs

Renal ACE inhibitors for proteinuria
Improved renal transplantation

Gallbladder disease Laparoscopic cholecystectomy
Severe disease Allogeneic bone marrow transplantation

Chronic transfusions
Hydroxycarbamide

ACE, angiotensin-converting enzyme; MRI, magnetic resonance
imaging; PHT, pulmonary hypertension; TCD, transcranial Doppler.

NO deficiency may have significant therapeutic benefit. Newer
agents to induce HbF synthesis that are being studied include
orally effective butyrate compounds and decitabine, an analogue
of 5-azacytidine. Decitabine can improve HbF levels in patients
who do not respond to hydroxycarbamide.

Haemopoietic stem cell transplantation

Allogeneic haemopoietic stem cell transplantation (HSCT) from
a matched sibling donor cures 85% of children with SCD less
than 16 years of age. Both bone marrow and umbilical cord
blood from related donors are suitable sources for the stem cells.
Studies are underway to evaluate the use of unrelated donors
or reduced-intensity conditioning regimens. However, 5% of
patients die of complications related to HSCT and another 10%
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Figure 7.7 Outcome after transplantation for 59 children with
advanced symptomatic sickle cell disease. Kaplan–Meier estimates
for survival and event-free survival following marrow
transplantation are shown. An event is defined as death, graft
rejection or recurrence of sickle cell disease. A cumulative
incidence curve for graft rejection and return of sickle cell disease
is also depicted. (Source: Walters et al., 2001 [Biol Blood Marrow
Transpl 7: 665–73]. Reproduced with permission of Elsevier.)

experience graft rejection with the return of SCD (Figure 7.7).
Additional long-term risks after HSCT are infertility and sec-
ond malignancy. Selection of candidates for HSCT is complex
owing to the uncertain long-term course of the disease. HSCT
should be considered in children (age<16 years) with SCD (any
genotype) who have a human leucocyte antigen (HLA)-identical
related donor and evidence of target organ damage involving the
brain, lungs, kidneys or eyes. Children who are placed on long-
term blood transfusions for any indication should also be evalu-
ated forHSCT. Although it is clear that high-risk patients benefit
from this treatment, the role of HSCT in asymptomatic children
is not defined. Severe organ dysfunction increases the risks from
the procedure, and hence discussion for HSCT should be started
early when eligible indications are identified.

Gene therapy
Correction of SCD by gene therapy requires efficient inser-
tion of a gene into repopulating haemopoietic cells and reg-
ulated expression in erythropoietic lineages. An antisickling
haemoglobin, constituting 20–30% of the total haemoglobin,
would be enough to produce clinical response. Mouse models
of sickle cell disease have considerably helped in the effort to
develop gene therapy, and correction of the sickling phenotype
has been demonstrated in such animals.

Psychosocial issues

Recurrent pain and the unpredictable course of the illness place
SCD patients at higher risk of depression and poor family

112



Chapter 7 Sickle cell disease

relationships. Despite this, with integrated medical care and
social support most patients with SCD are well adjusted. Addic-
tion to narcotics is an uncommon phenomenon and is the result
of social influences rather than analgesic therapy. Attention to
psychological wellbeing as well as educational and vocational
support are important components of the care provided to SCD
patients.
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membrane and disorders of red cell
metabolism
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Haemolysis

Definitions
Haemolysis indicates that the destruction of red cells is acceler-
ated. Normally, in adults, the bone marrow output is well below
its maximal capacity. Red cell production can be increased more
than tenfold in the adult by increasing the cellularity of existing
haemopoietic marrow, as well as by expansion of haemopoietic
marrow into the long bones. In the newborn, and during infancy,
marrow expansion depends on expanding the medullary cav-
ity of bones, leading to thinning of cortical bone. These bony
changes are most extreme in the β-thalassaemia syndromes, but
some skeletal changes, usually some bossing of the frontal bones,
may be seen in more extreme hereditary haemolytic anaemias
of other causes. Increased red cell destruction is often com-
pletely matched by increased production, resulting in compen-
sated haemolysis.When the rate of haemolysis exceeds the max-
imum erythropoietic capacity of the bone marrow, or when the
latter is limited (e.g. because of inadequate supply of iron or
folate or by ineffective erythropoiesis), the result is haemolytic
anaemia.

General features of haemolysis

The clinical and laboratory aspects of haemolysis depend on the
consequences of increased red cell destruction and production
as well as the main process by which destruction takes place.

Increased red cell destruction leads to an increase in unconju-
gated bilirubin from increased haemoglobin turnover. Uncon-
jugated bilirubin does not appear in the urine, although there
will be an increase in urinary urobilinogen. The bilirubin level
is usually not more than two to three times normal because the
normal liver is able to increase excretion to compensate for at
least some of the increased production. Jaundice is usually mild
in hereditary haemolytic anaemias although there are important
exceptions.
In the neonate, particularly premature infants, liver function

is not fully developed andmore severe jaundice requiring urgent
therapeutic intervention may occur. A rare but potentially con-
fusing problem is the coinheritance of Gilbert syndrome, which
comprises a group of congenital liver enzyme deficiencies that
impair bilirubin conjugation.On its own,Gilbert syndromedoes
not produce clinical jaundice except when there is inadequate
calorie intake, but in conjunction with haemolytic anaemia the
hyperbilirubinaemia may be considerable. The increased biliru-
bin of haemolysis does increase the risk of gallstones and chole-
cystitis, which in turnmay lead to an increase in serumbilirubin.
In the degradation of haemoglobin, the molecule is broken

down to two αβ subunits, which are bound to haptoglobin,
the complex being rapidly internalized in the hepatocyte after
binding to the haptoglobin complex receptor. In the presence
of haemolysis, serum haptoglobin levels are greatly reduced or
absent. However, haptoglobin is an acute-phase protein and lev-
els will increase in the presence of inflammation. Haemopexin
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is another haem-binding protein produced by the liver that
is decreased in haemolysis. Chronic haemolytic anaemia may
increase the iron content of the body through increased iron
absorption as a result of anaemia coupled to the retention of the
haem iron following binding to haptoglobin and haemopexin. In
rare cases of inherited haemolytic anaemia, this iron overload
may be sufficient to produce clinically important effects, par-
ticularly if there is coinheritance of a haemochromatosis gene.
In most haemolytic anaemias, owing to membrane defects, the
destruction of red cells takes place extravascularly in the reticu-
loendothelial system, particularly in the spleen, and the iron is
retained. When destruction is intravascular, free haemoglobin
will be released into the plasma, producing haemoglobinaemia
andmethaemalbuminaemia, andwill pass through the glomeru-
lus to produce haemoglobinuria and haemosiderinuria. Iron
deficiency is thus more likely than overload in intravascular
haemolysis.
Increased red cell production leads to expansion of the red

cell precursor compartment of the bone marrow, as described
above. There are also changes in the structure of the marrow
as a consequence of the chronic anaemia, which allows the
early release of reticulocytes and, in more marked cases of
haemolytic anaemia, nucleated red cells and even myelocytes.
In the peripheral blood, the polychromasia and macrocytosis of
reticulocytosis are the result of this increased throughput and
release. The increased cell production requires an increased
supply of folate which, at least theoretically, can produce folate
deficiency unless supplements are given. It is usual to give folic
acid (400 μg daily or 5 mg once weekly) to people with chronic
haemolytic anaemia. The main features of haemolytic anaemia
are summarized in Table 8.1.

Classification

Because of the unique structural and functional specialization
of the mature red cell, the impact on it of a wide range of
exogenous or endogenous changes is relatively uniform: the cell
will be destroyed prematurely. According to the site of the pri-
mary change, haemolytic disorders have been traditionally clas-
sified as being due either to intracorpuscular or to extracorpus-
cular causes. According to the nature of the primary change,
haemolytic disorders have also been classified as inherited or
acquired. These two classifications correlate almost completely
with each other, in that extracorpuscular causes are usually
acquired, whereas intracorpuscular causes are usually inherited.
One notable exception is paroxysmal nocturnal haemoglobin-
uria, a disease in which an intracorpuscular defect is acquired as
a result of a somatic mutation (see Chapter 9).
Although in every cell all molecules and organelles are nat-

urally interdependent, it is convenient to consider the red cell
as a conveyance for a large amount of haemoglobin contained
in a plasma membrane, the stability of which is maintained

Table 8.1 Main features of haemolytic anaemia.

Increased red cell destruction
Unconjugated hyperbilirubinaemia
Mild jaundice
Increased risk of gallstones

Increased urinary and faecal urobilinogen
Decreased serum haptoglobin and haemopexin
Extravascular changes
Increased iron stores
Splenomegaly

Intravascular changes
Haemoglobinaemia and haemoglobinuria
Haemosiderinuria
Methaemalbuminaemia
Decreased iron stores

Increased red cell production
Marrow expansion: bone changes
Increased erythropoiesis: ↓myeloid/erythroid ratio
Reticulocytosis: polychromasia
Increased folate requirements: macrocytosis

by appropriate metabolic machinery and structural organiza-
tion of the proteins. Unfavourable genetic changes in any of
these componentsmay cause haemolysis. Accordingly, inherited
haemolytic disorders can be classified into three major groups:
(i) genetic disorders of haemoglobin (see Chapter 6); (ii) abnor-
mal membrane (including the cytoskeleton) and (iii) abnormal
metabolism (enzymopathies).

Red cell membrane disorders

The red cell membrane

The red cell membrane, like all other cell membranes, consists
of a lipid bilayer that is stabilized and given specific proper-
ties by the proteins, glycolipids and other specialized molecules
and structures with which it is associated. The lipid bilayer con-
sists of approximately equal molar quantities of phospholipids
and cholesterol molecules. The charged phosphatidyl groups
of the phospholipids are hydrophilic and form the outer and
inner surfaces of the bilayer. The interior of the membrane
is formed by hydrophobic bonding of the acyl chains and
cholesterol, which form the internal parts of the two leaflets
(Figure 8.1). The arrangement is energy efficient but the two
leaflets are not symmetrical. The outer leaflet consists mainly
of phosphatidylcholine and sphingomyelin, the inner leaflet of
phosphatidylethanolamine and phosphatidylserine (Figure 8.2).
Maintenance of the asymmetry and the proper function of the
membrane requires energy. In mature red cells this is provided
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Figure 8.1 Arrangement of membrane lipids. The acyl chains of
the diacylphosphatidylglycerides are hydrophobic non-polar
domains and they form hydrophobic bonds with the acyl groups of
the opposite layer. Cholesterol is present in roughly equimolar
amounts and determines the fluidity of the membrane.

by adenosine triphosphate (ATP) from the glycolytic pathway
and reducing power mainly in the form of glutathione.
The normal biconcave shape and function of the red cell

membrane are determined by the membrane proteins and their
interactions with the lipid bilayer and with each other. There
are twomain sorts of protein–membrane associations. The inte-
gral proteins have strong hydrophobic domains that associate
with the hydrophobic part of the bilayer. Many of these inte-
gral proteins span the membrane and provide channels between
the plasma and cytosolic compartments. The cytosolic inner
domains of these proteins interact with each other and with the
second main group, the proteins of the membrane skeleton. The
integral proteins that provide the links between the lipid bilayer
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Figure 8.2 Main lipids of the red cell membrane. The outer,
plasma, layer contains mostly neutral lipids, sphingomyelin and
phosphatidylcholine (lecithin). The inner, cytoplasmic, layer
contains mostly acidic groups, phosphatidylserine,
phosphatidylethanolamine and phosphatidylinositol. R may be
choline, serine, ethanolamine or inositol.

and the membrane skeleton have conveniently been referred to
as ‘vertical connections’, whereas the proteins of the membrane
skeleton that comprise the inner network of the cell membrane
are characterized as ‘horizontal connections’. Genetic abnormal-
ities that produce spherocytosis mainly have mutations affect-
ing the vertical connections. Mutations of the horizontal system
usually produce elliptocytosis or more bizarre-shaped changes.
The main proteins are listed in Table 8.2, and their arrangement
is shown schematically in Figure 8.3.
In addition to the compartments mentioned so far, there

are numerous surface proteins that provide the main inter-
face with the plasma, including the blood group systems and
other receptors. Many of these molecules are heavily glycosy-
lated, as are the integral proteins, the glycophorins; sialic acid,
which comprises the main side-chain of the glycophorins, con-
tributes the most to the negative surface change of the erythro-
cyte. Some of these surface proteins are linked to the membrane
by the glycosylphosphatidylinositol (GPI) anchor, which pro-
vides the hydrophobic domain required for association with the
inner hydrophobic part of the membrane. Somatic mutations
in the gene for phosphatidylinositol glycan A (PIGA) leads to
a failure to produce the anchor and to paroxysmal nocturnal
haemoglobinuria (discussed in Chapter 9).

The integral proteins and vertical interaction

The two major integral proteins that span the lipid bilayer are
band 3 (the anion channel protein) and glycophorin C. Band 3
and associated molecules, 4.2 (pallidin) and ankyrin (2.1), form
one major vertical interactive pathway with binding to the β-
chain of the spectrin tetramer through ankyrin. Glycophorin C
and protein 4.1 also provide a vertical interaction, but the asso-
ciation with spectrin is through a link with actin, which is a
key part of the horizontal network. The band 3–4.2–ankyrin–
spectrin complex is a central part of the organization of the lipid
bilayer and loss of part of this complex leads to loss of mem-
brane, thereby reducing the surface-area-to-volume ratio of the
red cell and leading to the characteristic spherocytes of heredi-
tary spherocytosis.
The main protein of the membrane skeleton is spectrin, con-

sisting of two subunits, α and β, which associate side by side to
produce a heterodimer. The dimers associate head to head to
form tetramers about 200 nm long. The tail end of the dimer
makes contact with a short actin filament composed of 14
monomers; the interaction between spectrin and actin is stabi-
lized by protein 4.1, adducin and dematin. Binding of spectrin
dimers to actin filaments produces the more or less hexagonal
network of spectrin tetramers on the inner surface of the mem-
brane associated with the lipid bilayer. Spectrin–actin–4.1 inter-
actions provide much of the flexibility of the red cell membrane.
Spectrin qualitative defects that affect these horizontal interac-
tions tend to induce a loss of structural stability of themembrane
and elliptocytosis.
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Table 8.2 Proteins of the red cell membrane.

Associated haemolytic
Band∗ Protein Gene location Function anaemias

1 α-Spectrin SPTA1, 1q21 Membrane skeletal network HE, HS
2 β-Spectrin SPTB, 14q24.1–q24.2 Membrane skeletal network HPP HE, HS
2.1 Ankyrin ANK1, 8p21.1–11.2 Vertical contact HS
2.9 Adducin ADD1 (α-chain),

4p16.3; ADD2
(β-chain), 2p13.3

Promotes spectrin binding
to actin, binds
Ca2+/calmodulin

(HS, HE in mice)

3 Band 3. Solute carrier
family 4 (anion
exchanger) member 1

SLC4A1, 17q12–q21 Anion exchange channel,
binds glycolytic enzymes

HS, SAO, HAC

4.1 Protein 4.1 EPB41, 1p33–p32 Stabilizes spectrin–actin
contact

HE

4.2 Protein 4.2 (pallidin) EPB42 (PLDN),
15q15–q21

Band 3–ankyrin complex HS (Japan)

5 β-Actin ACTB, 7p15–p12 Spectrin network junction ?
6 Ga3PD GAPDH, 12p13.31 Links ATP production to

membrane
?

PAS-1† Glycophorin A GYPA, 4q28–q31 MN blood groups ?
PAS-2 Glycophorin C GYPC, 2q14–q21 Gerbich blood groups HE
PAS-3 Glycophorin B GYPB, 4q28–q31 Ss blood groups ?

∗Band numbers refer to the position on SDS-PAGE electrophoresis.
†Periodic acid–Schiff stain: bands seen only on PAS-stained gels.
HAC, hereditary acanthocytosis; HE, hereditary elliptocytosis; HS, hereditary spherocytosis; HPP, hereditary pyropoikilocytosis; SAO, Southeast Asian
ovalocytosis; Ga3PD, gyceraldehyde-3-phosphate dehydrogenase.
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Figure 8.3 A schematic model of the structural organization of the
red cell membrane. The membrane is a composite structure in
which the lipid bilayer is linked to the spectrin-based membrane
skeleton. The linking of the lipid bilayer to the membrane skeleton
is mediated by band 3-ankyrin-protein 4.2– β-spectrin interactions

and by glycophorin C–protein 4.1R interaction (vertical
interactions). The horizontal interactions in the spectrin network
involve spectrin dimer–dimer interaction and
spectrin–actin–protein 4.1 interaction.
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The clinical phenotypes of hereditary
membrane disorders

Mutations in the genes that control the proteins of the mem-
brane and their interactionmainly produce changes in the shape
of red cells, which is characteristic in any individual. Many
of the conditions are inherited as autosomal dominant disor-
ders, homozygosity formajor defectsmainly being lethal. Severe,
bizarre or unexpected red cell morphology is often produced by
double heterozygosity or inheritance of more than one defect of
the membrane proteins. Mutations affecting the red cell mem-
brane are many and heterogeneous, but the effect on the phe-
notype can be classified in five main categories: (i) hereditary
spherocytosis; (ii) hereditary elliptocytosis and hereditary
pyropoikilocytosis (severe form of elliptocytosis); (iii) Southeast
Asian ovalocytosis; (iv) hereditary acanthocytosis and (v) hered-
itary stomatocytosis.

Hereditary spherocytosis

As the name implies, hereditary spherocytosis (HS) is a genet-
ically determined haemolytic anaemia characterized by the
spherical shape of the affected red cells. The spherical shape
produces a characteristic appearance in the stained blood
film of round cells with smaller than normal diameter, which
lack the area of central pallor of the normal biconcave discs
(Figure 8.4). The disorder is generally inherited as a dominant

Figure 8.4 Hereditary spherocytosis, peripheral blood. Small
spherocytic red cells lack area of central pallor. Large
polychromatic red cells (reticulocytes) result in normal MCV,
although MCHCmay be increased.

condition with a wide spectrum of severity. The usual clinical
picture is of mild to moderate haemolytic anaemia, but varies
from severe neonatal haemolysis with kernicterus (rare) to clin-
ically silent and asymptomatic (usual) haemolysis. Autosomal
recessive inheritance occurs in a fewmutations, often producing
severe haemolysis. In white populations, HS is one of the most
common haemolytic anaemias due to membrane defects, with
a prevalence of clinically apparent disease of 200–300 per mil-
lion population. The occurrence of clinically silent cases proba-
bly means that the overall prevalence is likely higher.

Clinical features
The commonest forms of HS present as mild anaemia and jaun-
dice, with a modestly enlarged spleen. However, the genetic het-
erogeneity of HS (see below) is reflected in the clinical presen-
tation. As the main site of increased red cell destruction in HS
is the spleen, it is not surprising that the size of the spleen tends
to reflect the severity of the haemolysis, although splenomegaly
is rarely marked, enlargement below the umbilicus being very
uncommon. When HS presents in adolescence or adult life, it
needs to be distinguished from other causes of spherocytosis,
particularly warm autoimmune haemolytic anaemia.
HS may present at birth. The functions of the spleen become

mature only after birth, so severe anaemia in utero is rare.
Erythropoiesis is highly active before birth, but enters a phase
of reduced activity in the neonatal period. Severe anaemia,
developing over 5–30 days post delivery and requiring transfu-
sion, may result from this double physiological development of
reduced production and increased destruction, but the anaemia
may greatly reduce during the first year of life as compensatory
erythropoiesis develops. Decisions about splenectomy do not
need to be taken during this time.

Molecular pathology
About 60% of HS cases result from a defect in the ankyrin–
spectrin complex, with the genes for ankyrin (ANK1) and the
α- and β-subunits of the spectrin dimer (SPTA1, SPTB) being
implicated in different genetic types (Table 8.2). A further 25%
involve deficiency in band 3, the anion channel. In the remainder
of the dominantly inherited HS families there is a deficiency of
protein 4.2 or no abnormality has yet been identified. Deficiency
of protein 4.2 is particularly common in Japanese families with
HS (Table 8.2). The rare cases of Rh null also present with sphe-
rocytosis and mild anaemia. These defects involving spectrin–
ankyrin–band 3 interactions affect the vertical interactions.

Laboratory diagnosis
The typical findings of extravascular haemolysis are present in
HS (Table 8.1). The diagnosis is usually made on the basis of
red cell morphology, backed up where possible with a family
history. The mean corpuscular haemoglobin concentration
(MCHC) is often increased above 350 g/L, but the presence of
macrocytic reticulocytes usually results in a low normal mean
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corpuscular volume (MCV) rather than true microcytosis.
These changes result not only from the reduction of the surface-
area-to-volume ratio, but also from the slight dehydration of
HS cells. A number of variants of the typical HS features have
been described, usually the more severe forms that may have
denser and less perfectly round cells in the peripheral blood.
In infancy, the morphology may be more difficult to interpret.
The effect of immature splenic function and the macrocytosis
and anisocytosis of infancy combine with the HS phenotype to
produce red cell appearances not typical of the developing HS.
Family studies may assist in the diagnosis.

Osmotic fragility test
The osmotic fragility test, which measures the sensitivity of red
cells to lysis in vitro to swelling caused by incubation in increas-
ingly hypotonic saline solutions, is the most appropriate test to
diagnose HS, although its sensitivity decreases in milder cases.
In normal red cells with the biconcave disc shape, 50% lysis
occurs when the saline solution reaches about 0.5% sodium
chloride. The HS cells have less ability to swell and so lyse at
higher salt concentrations, producing a right-shifted osmotic
fragility curve. One of two patterns may be seen in HS: a gener-
ally right-shifted curve, which is themore common finding, and
one where there appears to be a ‘tail’ of lysis-sensitive cells. Incu-
bation of blood for 24 hours at 37 ◦C accentuates the fragility
(Figure 8.5). An alternate to the osmotic fragility test is to mea-
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Figure 8.5 Osmotic fragility test in hereditary spherocytosis.
Osmotic fragility is increased in the microspherocytes (right shift),
but there is also a small population of resistant cells due to
increased reticulocytes (a). After splenectomy, the
microspherocytes remain, but the proportion of reticulocytes is
reduced to normal values and the resistant cells are not seen (b).

sure the extent of membrane surface area loss by flow cytom-
etry following labelling with eosin-5-maleimide (EMA binding
test). EMA binds to band 3, which is selectively lost during loss
of membrane surface area in red cells from HS patients. The
EMA binding screening test has to be used in conjunction with
morphology because Southeast Asian ovalocytosis, congenital
dyserythropoietic anaemia type II and cryohydrocytosis also
give reduced fluorescence because they can create a long-range
modulation effect on the dye binding site in band 3 protein.

Identification of protein abnormalities or gene defects
Methods that identify the defective gene or its product are the
most specific for membrane defects, but are beyond the scope
of most routine haematology laboratories. The original identi-
fication of membrane proteins using sodium dodecyl sulfate-
solubilized polyacrylamide gel (SDS-PAGE) electrophoresis has
led to the classification according to the banding system indi-
cated in Table 8.2 The identification of specific genetic abnor-
malities may be important in compound haemolytic syndromes,
but requires specialist laboratories.

Clinical course and complications
Inmost kindreds, the course of the disorder is similar in affected
members although, as with most inherited defects, there is some
variable penetrance and it is not rare to find a very mildly
affected parent with more severely affected offspring. As with
all congenital haemolytic anaemias, the anaemia may be aggra-
vated by environmental factors. This may be consequent on an
increase in the red cell destruction or a decrease in production.
Increased jaundicemay occur during viral infections or bacterial
sepsis, the anaemia also being aggravated by a decrease in pro-
duction consequent on the effects of the acute-phase response
or the inhibition of erythropoiesis by interferon (IFN)-γ.
Primary infection with parvovirus 19 produces a specific and

marked inhibition of erythropoiesis, often characterized as an
aplastic crisis. In patients with shortened red cell survival, severe
anaemiamay be produced by the inhibition, which lasts for some
4–7 days. In normal individuals with a red cell lifespan of 120
days, such an inhibition produces no clinical effect. The anaemia
associated with parvovirus infection in HS may require urgent
transfusion. The diagnosis is made by finding absent parvovirus
antibodies with subsequent appearance of IgM antibodies. The
presence of IgG antibodies at the time of the anaemia excludes
the diagnosis.
Acute anaemia due to splenic sequestration is a relatively

uncommon complication of HS in childhood. The pathogen-
esis is probably increased splenic size and activity leading to
increased trapping of HS cells within the spleen. This compli-
cation may also require urgent transfusion. Malnutrition may
increase anaemia because of folate deficiency, but also from
increased jaundice through the effect of low-calorie input on
unconjugated bilirubin levels in the blood. The anaemia of preg-
nancy may aggravate a haemolytic anaemia and hence bring the

119



Postgraduate Haematology

condition to the attention of clinicians and patients. Classical HS
is not a risk to mother or child in pregnancy.
Gallstones are an expected complication in HS, as in other

chronic haemolytic anaemias. Silent gallstones require no inter-
vention. Recurrent cholecystitis or biliary colic may require
cholecystectomy accompanied by splenectomy (see below). Leg
ulcers are a rare but well-recognized complication of HS, as with
other chronic haemolytic anaemias. Extramedullary haemo-
poietic masses, usually paravertebral, occur rarely in more
severe HS.

Management
Patients with well-compensated haemolysis and no transfusion
requirements need no treatment other than reassurance and
folic acid supplements (e.g. 400 μg daily or 5 mg weekly). For
people with a well-balanced and adequate diet, folic acid supple-
ments are probably unnecessary, but custom dictates the prac-
tice should be continued. Radiolucent gallstones, if detected
by chance on ultrasound, are common and need no treatment
unless complications arise. Gallstones without recurrent inflam-
mation are not a risk factor for carcinoma of the gallbladder.
Recurrent cholecystitis or obstruction would be an indication
for cholecystectomy, which would also be an indication for
splenectomy.

Splenectomy
For the great majority of patients with autosomal dominant
forms of HS, splenectomy increases the lifespan of the HS red
cells to near normal and alleviates the haemolysis and hyper-
bilirubinaemia, since the spleen is responsible for the removal
of spherocytic red cells with reduced surface area. However,
splenectomy carries short- and long-term risks that must be
weighed against the benefits in any individual patient. After
splenectomy, the blood film continues to show spherocytosis
together with common changes associated with splenectomy.
The osmotic fragility remains increased.

Risks of splenectomy (see also Chapter 17)
The immediate risks associated with splenectomy include those
of any abdominal operation together with an increased risk of
thrombosis, associated with a marked rise in platelet count that
occurs promptly after splenectomy. In HS, in which the ery-
thropoietic drive returns to normal following splenectomy, the
platelet count also returns to normal and the risk diminishes. In
conditions where haemolysis persists, the platelet count remains
elevated, sometimes markedly, and the increased risk of throm-
bosis continues.
The major hazard of splenectomy is the long-term suscep-

tibility to severe infection, so-called overwhelming postsplenec-
tomy infection (OPSI) (see also Chapter 17). The spleen plays
an important role in filtering and phagocytozing bacteria, and
removing parasitized erythrocytes from the blood. The spleen is
the major source for mounting the rapid, specific IgM response
to organisms that enter through the gut. The main organisms of

this class are the encapsulated organisms, Streptococcus pneu-
moniae,Haemophilus influenzae type B andNeisseriamenin-
gitidis. Pneumococcal infection is responsible for about 70% of
OPSI and has a 60%mortality. Lack of a spleen greatly increases
the virulence of the infection, with progression from the first
feeling of fever and non-specific flu-like symptoms to irre-
versible endotoxic shock occurring in amatter of hours. Patients
may present with purpura, evidence of disseminated intravas-
cular coagulation, multiorgan failure, hypotension and periph-
eral limb ischaemia. Diarrhoea and vomiting are common pro-
dromes. It is this speed of progression that makes the prophy-
laxis of this fortunately uncommon complication so important.
Prophylaxis depends on education and awareness for the patient,
specific measures to reduce the risk from particular organisms
and the provision of information concerning the splenectomy
for healthcare workers (Table 8.3). There is no direct evidence
that phenoxymethylpenicillin (e.g. 250 mg twice daily) reduces
the risk of OPSI in splenectomized patients, but good evidence
that it does so in homozygous sickle cell patients who have func-
tionally inactive spleens. It is on this evidence that such antibi-
otic prophylaxis (or erythromycin 250 mg b.d. for those sensi-
tive to penicillin) is recommended (see also Chapter 17). The
actual incidence of OPSI is difficult to calculate. The overall
risk has been stated as 0.04 per 100 patient-years for patients
without added immunosuppression, but considerably higher for
those immunocompromised by malignancy or chemotherapy.
The risk is greatest in the first two years after splenectomy, but
continues lifelong. Children under the age of 5 years are par-
ticularly susceptible and splenectomy should be avoided in this
group if at all possible.

Indications for splenectomy
Patients with marked haemolysis producing symptoms or
requiring transfusion should be splenectomized, although
preferably not before the age of 5 years (later if possible). Recur-
rent aplastic crises are also an indication. Attacks of cholecystitis
or biliary colic warrant cholecystectomy and splenectomy, but
symptomless gallstones are not a necessary indication. In small
childrenwith severe anaemia, partial splenectomy has been used
to decrease the extent of anaemia, but the performance of this
procedure requires special surgical skills and there is need for
careful long-term follow-up.

Hereditary elliptocytosis

Deficiency of spectrin tetramers, the horizontal links of the
cytoskeleton, produces a wide spectrum of disease from fully
compensated haemolysis with mildly elliptocytic red cells to
severe and life-threatening anaemia with grossly distorted cells.
When the morphological characteristic is a relatively uniform
elliptical shape, the condition is referred to as hereditary ellip-
tocytosis (HE). Haemolytic anaemia associated with the more
distorted forms, which are also heat labile, was previously called
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Table 8.3 Guidelines for prevention and management of infection in the splenectomized patient.

It is essential to educate patients regarding the risk and the importance of prompt recognition and treatment of infections. Leaflet card
for patients to alert health professionals to risk of OPSI.

All patients should receive polyvalent pneumococcal, Haemophilus influenzae type b and meningococcal vaccination.
Vaccines should ideally be administrated 2 weeks prior to splenectomy or 2 weeks after splenectomy.
Pneumococcal immunization
� Infants <2 yrs∗: should be immunized with three doses at the national schedule with polivalent-PCV vaccination. One dose of PPV at
2 yrs should also be offered.
� Children 2–5 yrs: one dose of PPV or PCV13 followed by PPV depending on previous routine childhood vaccinations.
� Children >5 and adults: irrespective of immunization status should continue to receive one dose of PPV by measuring antibody
response.
� Responders should be revaccinated with PPV at 5-yearly intervals.

Haemophilis influenzae b (Hib) vaccination
� Infants <2 yrs: should complete their vaccination according to the national schedule.
� Children >2 yrs and adults: should be offered one dose of Hib-containing vaccine irrespective of their previous immunization status.

Meningococcal vaccination (Men)
� The quadrivalent MenACWY conjugate vaccine is recommended in preference to the plain polysaccharide meningococcal vaccine
for all age groups.
� Infants <2 yrs, if immunized or partially immunized: 3 and 4 mo of age; MenC conjugate vaccine at 12 mo of age as well as
quadrivalent MenACWY no earlier than 1 month later. At 2 yrs an additional booster of Hib/MenC should be given at second birthday.
� Children >2 yrs and adults: should receive one dose of MenC conjugate vaccine plus a single dose of quadrivalent MenACWY
conjugate vaccine one month later.
� Travellers to endemic areas should receive quadrivalent MenACWY coinjugate vaccine before travelling.

All patients should receive yearly influenza vaccination.
Lifelong prophylactic antibiotics (oral phenoxymethylpenicillin or an alternative).
Patients developing infection despite measures should receive systemic antibiotics and be admitted urgently to hospital.
Awareness of risks of malaria and scrupulous prophylaxis if at risk.

Source for further details: Davies et al., Brit J Haemat 155 308–17, on behalf of the Working Party of the Haemato-Oncology Task Force of the British
Committee for Standards in Haematology (2011).
∗Age at which splenectomy is performed.
PCV, vaccination pneumococcal conjugate vaccines; PPV, pneumococcal polysaccaride vaccine; PCV13, 13-valentPCV

hereditary pyropoikilocytosis (HPP). Recent evidence implies
that HPP is a severe form of HE. Within a family, HE and HPP
may both be present, the more severely affected individuals hav-
ing both spectrin deficiency as well as a relative deficiency of
spectrin tetramers. This may be caused by coinheritance of a
low-expression allele for α-spectrin, compound heterozygosity
for two HE alleles or HE homozygosity. A number of families
have been described in which mutations involving the protein
4.1 gene result in failure to produce the protein. In heterozy-
gotes with this variant, elliptocytosis occurs without haemolysis;
in homozygotes, there is a severe haemolysis with extensive cell
fragmentation.

Clinical features
AswithHS, haemolytic anaemia inHEhas a heterogeneous clin-
ical presentation and molecular basis. The anaemia can range
from very mild to severe with splenomegaly and few cases of
hydrops fetalis have been reported. The clinical management of
HE parallels that of HS.

Mild common hereditary elliptocytosis
Frequently, HE is discovered by chance from a blood film
(Figure 8.6) or the presence of marginally raised bilirubin. Some
affected people have no evidence of shortened red cell survival,
whereas others have a well-compensated haemolytic anaemia.
No treatment is required, although the blood film of partners
should be examined if there is consanguinity, making homozy-
gosity in offspring possible. For patients with mild haemoly-
sis, anaemia may increase during infections, in pregnancy, with
folate deficiency or with other conditions likely to enhance
anaemia.

Silent carriers: low-expression genes
Mutations that produce low expression of α-spectrin may lead
to no haematological abnormality because of the normal over-
expression of α-spectrin in red cells compared with β-spectrin.
However, when these defects are inherited in trans, on the other
allele from an HE gene, HPP may result. Several mutations have
been described, particularly commonly in codon 28, which
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Figure 8.6 Hereditary elliptocytosis, peripheral blood.
Characteristic elliptocytes of mild common hereditary
elliptocytosis.

produces low-expression genes. A common polymorphism,
intron 45C→T, is spectrin αLELY (LELY denoting ‘low-
expression allele Lyon’).

Haemolyic hereditary elliptocytosis
The characteristics of haemolyticHE previously termedHPP are
densely contracted and fragmented cells (Figure 8.7), moderate
to severe haemolysis and heterogeneity of manifestations within
a family. In general, patients with haemolytic HE have spectrin
deficiency in addition to the abnormalities of spectrin–spectrin
contacts resulting in tetramer deficiency. One parent of an HE
propositus may have normal haematology but carry a mutation
in trans, which leads to spectrin deficiency. The affected cells
show thermal lability and fragmentation at lower temperatures
than normal, and erythrocytes are mechanically unstable.

Hereditary elliptocytosis and poikilocytosis in
the neonate
In the neonate, the manifestations of HEmay be a more marked
poikilocytosis resembling HPP, with more fragmented red cells.
These red cells are susceptible to fragmentation above 46 ◦C,
whereas normal cells only fragment above 50 ◦C. The morpho-
logical changes and haemolysis gradually decrease over the first
year until the typical picture of mild HE remains. Treatment of
neonatal poikilocytosis is required only if the anaemia is such as
to warrant transfusion.

Figure 8.7 Hereditary pyropoikilocytosis, peripheral blood.
Marked anisocytosis and poikilocytosis from a child with
homozygous hereditary elliptocytosis.

Laboratory investigation
The standard approach to the diagnosis of HE is the identifica-
tion of haemolysis, coupled to a careful examination of the blood
film of the patient and as many first-degree relatives as possible.
Examples of blood films are shown in Figures 8.6 and 8.7. Other
acquired causes of elliptocytic or fragmented red cells need to
be excluded, including iron, folate or vitamin B12 deficiency, and
the microangiopathic haemolytic anaemias. Congenital dysery-
thropoietic anaemia and thalassaemia intermedia also need to
be excluded.
As with the investigation of HS, appropriate gel electrophore-

sis assays may reveal protein abnormalities, although more spe-
cific identification requires a sophisticated approach beyond the
abilities of most haematology laboratories.

Treatment
Patients with chronic haemolysis should be given folate supple-
ments. Splenectomy is indicated for severe haemolytic anaemia
in patients with haemolytic HE. Response in HE may not be
complete, but the anaemia is usually markedly alleviated. As
with HS, there may be an increased risk of increased throm-
botic tendency. The precautions against OPSI are the same
as for HS.

Hereditary stomatocytosis and related
disorders

Stomatocytes are so called from the mouth-like slit or ‘stoma’
that appears on blood films (Figure 8.8). Stomatocytes are leaky
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Figure 8.8 Hereditary stomatocytosis, peripheral blood.

to cations. There are other variations with Na+ or K+ leaks
that are clinically similar to stomatocytosis without the obvi-
ous morphological changes. All these conditions are inher-
ited in autosomal dominant fashion, and mostly produce mod-
erate haemolytic anaemia (haemoglobin 100 g/L or above)
and macrocytosis. There are two main variants: over-hydrated
hereditary stomatocytosis, in which MCHC is low, and dehy-
drated hereditary stomatocytosis, with an increased MCHC.
The blood film may show stomatocytosis, but more com-

monly the film is unremarkable, apart from macrocytosis and
polychromasia. The group is rare, estimates suggesting that 1 in
10 000 to 1 in 100 000 of the population are affected. However,
associated features make the conditions important beyond their
rarity (Table 8.4). Pseudohyperkalaemia may occur because K+

leaks rapidly from the red cells at room temperature. In some
individuals, there is no evidence of haemolysis, only macrocyto-
sis and pseudohyperkalaemia. Unless the cause of the apparent
hyperkalaemia is diagnosed, unnecessary, and even dangerous,
investigation and treatment may be undertaken. In some fam-
ilies, the K+ leak is greatly increased in vitro by cold (cryohy-
drocytosis). In dehydrated hereditary stomatocytosis, there may
be marked perinatal ascites that resolves spontaneously over the
first year of life, but which again can lead to extensive unnec-
essary investigation. The third problem with hereditary stom-
atocytosis, both over-hydrated and dehydrated varieties, is that
splenectomy is followed by very marked thrombotic tendencies
such that splenectomy should not be performed.

Table 8.4 Features of hereditary stomatocytosis and related
disorders.

Characteristic Expression Group affected

Haemolytic
anaemia

Mild to
moderate

All variants

Absent Hereditary
pseudohyperkalaemia

Morphology Macrocytosis All variants
Stomatocytosis Variable

MCHC Decreased Over-hydrated HSt
(hydrocytosis)

Increased Dehydrated HSt
(hereditary xerocytosis,
desiccocytosis)

Serum [K+] Raised in vitro Pseudohyperkalaemia
Dehydrated HSt
Cryohydrocytosis

Thrombotic
tendency

Post
splenectomy

All variants

Fluid balance Perinatal
oedema

Dehydrated HSt

Laboratory investigations
Tests for haemolysis and examination of the blood film of the
patient and close relatives are the first steps in diagnosis. The
finding of a raised serum potassium, together with macrocy-
tosis, especially with some evidence of haemolysis, indicates
the pseudohyperkalaemia of dehydrated hereditary stomatocy-
tosis. Definitive studies involve themeasurement of intracellular
[Na+] or [K+] and their flux through the membrane at different
temperatures. Four subgroups have been defined according to
the intracellular sodium concentration (normal 5–10 mmol/L).
Patients with the pseudohyperkalaemia of dehydrated heredi-
tary stomatocytosis may have normal or slightly high sodium
concentrations (12–18 mmol/L); in families with cryohydrocy-
tosis (temperature-sensitive leak) the sodium concentration is
20–50 mmol/L, and in over-hydrated hereditary stomatocytosis
the sodium concentration is 60 mmol/L or more.

Treatment
There is rarely a need formeasures to raise the haemoglobin, and
splenectomy should be avoided because of the risk of thrombo-
sis, including hepatic and portal vein thrombosis. If splenectomy
is necessary, lifelong anticoagulation should be introduced.

Southeast Asian ovalocytosis

A dominantly inherited ovalocytosis is found in parts of South-
east Asia, where falciparum malaria is common, particularly in
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Figure 8.9 Southeast Asian ovalocytosis,
peripheral blood films. Mild ovalocytosis
and some stomatocytosis. Some cells have
apparent transverse ridge.

Papua New Guinea, Borneo, Southern Thailand and the Philip-
pines. The red cell morphology is ovalocytic rather than ellip-
tocytic. Stoma-like slits may be present and transverse band-
ing in the red cells is seen (Figure 8.9). Most individuals have
no haemolysis except in the neonatal period but, in a few, mild
anaemia may be present. The molecular defect is a deletion of
nine amino acids at the transmembrane cytosol junction of band
3; the defect possibly limits the mobility of band 3 within the
membrane. Homozygosity is not found and is presumably lethal
in utero.

Abnormalities of membrane lipids

Acanthocytosis
Acanthocytes, or spur cells, show prominent, somewhat regu-
lar projections on the surface, best demonstrated by scanning
electronmicroscopy. They are formed when the outer lipid layer
of the membrane acquires additional lipid. Acanthocytosis is an
acquired characteristic of severe liver disease, usually end stage,
and the result of interaction of altered plasma lipids.

Abetalipoproteinaemia
Abetalipoproteinaemia is a rare inherited defect with absent
β-apolipoprotein, which results in low serum cholesterol, but
increased sphingomyelin, which enters the cell membrane and
produces the acanthocytes. The main clinical features are retini-
tis pigmentosa, fat malabsorption and hepatic encephalopathy.

McLeod phenotype
In the McLeod phenotype, acanthocytosis occurs (Figure 8.10),
together with decreased expression of the Kell antigen. The
defective gene is on the X chromosome (Xp21), close to genes for
Duchenne muscular dystrophy and retinitis pigmentosa, con-
ditions with which the phenotype has been linked. The gene
codes for the Kx protein that carries the Kell blood group pro-
tein. There may be mild anaemia.

Defects of red cell metabolism

The main function of the red cell is to carry haemoglobin
around the circulation in high concentration and in a functional
state so that gas exchange may occur efficiently in the lungs and
in the tissue capillaries. In order to fulfil its function, the red
cell needs a supply of energy in the form of ATP and a source of
reducing power.
Mature red cells contain no DNA or RNA and hence are

incapable of protein synthesis, and the only source of energy

Figure 8.10 McLeod syndrome, peripheral blood. Note the
marked acanthocytosis.
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as ATP is derived from anaerobic glycolysis, the linked reduc-
ing system of the hexose monophosphate shunt (pentose phos-
phate pathway) and the glutathione cycle. ATP is required to
maintain the membrane in its deformable state, with asymmet-
ric lipid layers, and to regulate ion and water exchange. Reduc-
ing power is required to reduce methaemoglobin to its func-
tional state of deoxyhaemoglobin and to counteract the strong
oxidative stresses, which a circulating cell carrying molecular
oxygen is likely to encounter. The main process that reduces
methaemoglobin utilizes reduced nicotinamide adenine di-
nucleotide (NADH), produced from nicotinamide adenine di-
nucleotide (NAD+) by the glycolytic pathway. Reduction and
detoxification of free oxygen radicals and hydrogen peroxide
produced during reactions to infection is provided by reduced
nicotinamide adenine dinucleotide phosphate (NADPH) gener-
ated by the first steps of the pentose phosphate pathway, catal-
ysed by glucose-6-phosphate dehydrogenase (G6PD) and the
linked enzyme 6-phosphogluconate dehydrogenase. NADPH
drives the glutathione cycle, glutathione (GSH) being the major
reducing agent within the red cell.
The lack of protein synthesis in themature red cell means that

none of the enzymes in the metabolic pathways can be replaced
during the red cell lifespan. Over the 120 days of normal red
cell survival, enzyme activities decline at variable but predictable
rates. This decline probably contributes to the ageing process
of the red cell. Many of the abnormalities that affect red cell
metabolism provoke haemolytic anaemia.

The glycolytic pathway
(Embden–Meyerhof pathway)

Glycolysis is the process by which glucose is converted to pyru-
vate through a number of steps, with a net gain of two moles of
ATP generated for each mole of glucose metabolized. Glucose
is derived from the plasma by facilitated transfer through the
membrane. Pyruvate and lactic acid are in equilibrium deter-
mined by the redox potential of the cell (NAD+/NADH) and
can diffuse out of the cell. The internal milieu of the cell, with
its high K+ concentration and presence of other cations, such
as magnesium, necessary for efficient glycolysis, is maintained
through the activity of various ion channels in the membrane.
The glycolytic pathway also provides the redox reaction to con-
vert methaemoglobin to deoxyhaemoglobin by utilizing NADH
in a reaction catalysed by methaemoglobin-NADH reductase
(cytochrome b3). The various products and functions of glucose
metabolism are shown schematically in Figure 8.11 and in detail
in Figure 8.12.

The Rapoport–Luebering shunt

One of the essential roles of erythrocyte metabolism is also to
provide sufficient 2,3-diphosphoglycerate (2,3-DPG) to regulate

Glucose

Pyruvate/lactate

Glycolysis Pentose
phosphate
pathway

Glutathione
cycle

Metabolic
energy

MetHb
reduction

Hb–O2
affinity

Rapoport–
Luebering
shunt

NADPH

Reducing
power

GSH

Antioxidant

ATP

NADH

2,3-DPG

Figure 8.11 Principal pathways of energy production in the
mature red cell. The glycolytic pathway provides energy in the
form of ATP. Under normal conditions, methaemoglobin (MetHb)
is reduced by the coupled reaction with NADH+. The
Rapoport–Luebering shunt provides 2,3-diphosphoglycerate
(2,3-DPG) for control of haemoglobin oxygen affinity. Reducing
power is produced by the pentose phosphate pathway and is linked
to redox reactions through the glutathione cycle.

the oxygen affinity of haemoglobin. 2,3-DPG is produced from
1,3-DPG under the influence of the enzyme diphosphoglycerate
mutase in linked reactions that form the Rapoport–Luebering
shunt: 2,3-DPG is broken down to 3-phosphoglycerate by a
phosphatase and thus re-enters the glycolytic pathway. It should
be noted that when metabolism takes place via the Rapoport–
Leubering shunt, there is bypass of the stage of ATP production
(Figure 8.12). The shunt thus not only provides the 2,3-DPG for
interaction with the haemoglobin tetramer, but also acts as an
energy control mechanism for glycolysis.

Disorders of the glycolytic pathway

Mutations of most of the enzymes in the glycolytic pathway have
been described in association with congenital non-spherocytic
haemolytic anaemia (CNSHA), as the result of a failure to
produce sufficient ATP. However, when the defective enzyme
is expressed throughout the body, other non-haematological
symptoms may occur.

Pyruvate kinase deficiency
Pyruvate kinase (PK) is one of the dominant controlling steps
in glucose metabolism (together with hexokinase and phos-
phofructokinase). It catalyses the final steps of the glycolytic
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Figure 8.12 The glycolytic pathway and interactions with the other metabolic pathways.

pathway with the conversion of phosphoenolpyruvate to pyru-
vate, with the concomitant phosphorylation of ADP to ATP,
leading to overall net gain of ATP from this pathway. There
are four tissue specific isoenzymes codified by two separate
genes. The PKM2 gene, on chromosome 15, produces PKM1
and PKM2 through differences in post-transcriptional splicing.
PKM1 is present in skeletal muscles, PKM2 in leucocytes, kid-
neys, adipose tissue and lungs. The PKLR gene, on chromo-
some 1, gives rise to PKL in the liver and PKR in red cells,
controlled by tissue-specific promoters. The active enzymes are
homotetramers. PKM2, PKR and PKL demonstrate marked
allosteric reactions with several ligands; PKM1, on the other
hand, has no allosteric interactions.
PK deficiency is the most common enzymopathy of the gly-

colytic pathway inherited in an autosomal recessive form. The
prevalence of this disease, as assessed by gene frequency studies,
has been estimated to be 1:20,000 in the general white popula-
tion. More than 220 different mutations have been described
in PKLR gene, the majority involving missense mutations, a
few deletions, or mutations in the promoter region. Many indi-
viduals are compound heterozygotes. Not surprisingly, there is
enormous genetic heterogeneity between affected individuals,
reflected in the multiplicity of quantitative and kinetic defects.
Because PKR is a homotetramer, the genotype–phenotype

correlations, mainly based on analysis of the enzyme’s
three-dimensional structure and observation of the few
homozygous patients, are difficult to predict. The comparison
of recombinant mutants of human PKRwith wild-type enzymes
has revealed the effect of amino acid replacements on the
molecular properties of the enzyme. However, the clinical man-
ifestations of red cell enzyme defects are not merely dependent
on the molecular properties of the mutant protein, but rather
reflect the complex interactions of additional factors, including
genetic background, concomitant functional polymorphisms of
other enzymes, post-translational or epigenetic modifications,
ineffective erythropoiesis and differences in splenic function.
Deficient PK activity leads to accumulation of substrates fur-

ther up the pathway, including 2,3-DPG. The increased concen-
tration of 2,3-DPG in PK-deficient red cells shifts the oxygen
dissociation curve to the right, indicating low oxygen affinity.
PK deficient patients tolerate apparent anaemia well because the
lower haemoglobin content will deliver the same amount of oxy-
gen to the tissues as normal haemoglobin, at least under normal
conditions, though oxygen reserves would be limited.
Reticulocytes have alternative means of producing energy in

the form of ATP via the oxidative respiratory pathway of the
remaining mitochondria. They can also synthesize enzyme in
those variants characterized by enzyme instability in mature red
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cells. Reticulocytes thus have ametabolic advantage overmature
red cells in PK deficiency.

Clinical features
The genetic heterogeneity is reflected by the wide variation
in the phenotype. The presenting features may vary from
severe neonatal jaundice and anaemia, rarely even presenting
with hydrops fetalis, severe chronic non-spherocytic haemolytic
anaemia requiring repeated transfusions, moderate haemoly-
sis with exacerbation during infections or pregnancy, to symp-
tomless compensated haemolysis with only a minor appar-
ent anaemia. The majority of reported cases have presented
in childhood. PK deficiency does not usually have an adverse
effect on the outcome of pregnancy, although occasionally trans-
fusion may be required to compensate the added dilutional
anaemia.
Jaundice, as with other congenital haemolytic anaemias,

may be exacerbated by coinheritance of other genes, as in
Gilbert’s syndrome. The haemolysis is nearly always extravas-
cular, though rare examples with some intravascular haemoly-
sis have been detected. Gallstones are common in PK deficiency
and may lead to bouts of cholecystitis and biliary colic. Jaundice
may also be increased by administration of drugs that affect bile
excretion. As with other cases of congenital haemolytic anaemia
with extravascular haemolysis, excess iron accumulation may
occasionally develop, even in the absence of transfusion or coin-
heritance of a haemochromatosis gene.
The spleen is usually palpable in cases with significant

haemolysis, though in milder cases it may only be evident by
ultrasound or other imaging techniques.

Laboratory diagnosis
The haematological features of PK deficiency are common to
other hereditary non-spherocytic haemolytic diseases; for this
reason the diagnosis ultimately depends on the exclusion of
other causes of haemolytic anaemia, upon the demonstration of
low enzyme activity and the confirmation at DNA level.
The blood count reveals normochromic anaemia with retic-

ulocytosis, sometimes producing a slight macrocytosis. An
increased mean corpuscular haemoglobin concentration is
occasionally seen in severe cases due to dehydration brought
about by ATP deficiency. Red cell morphology is commonly
unremarkable, displaying anisocytosis and a variable portion
of spur cells or acanthocytes (which are not specific), particu-
larly after splenectomy. A further increase of reticulocytes post-
splenectomy is typically observed (Figure 8.13 a–c).
The decreased enzyme activity is associated with an elevated

2,3-DPG level (two to three times normal). Meaningful enzyme
levels can only be achieved after total removal of leucocytes,
which have up to 300 times the PK activity of red cells; the effect
of reticulocytes also has to be taken into account. No correla-
tion has been described among the residual PK activity, degree
of haemolysis and clinical severity of PK deficiency.

(a)

(b)

(c)

Figure 8.13 PK deficiency, peripheral blood. (a) Red cell
anisocytosis and poikilocytosis before splenectomy. (b) After
splenectomy showing acanthocytes or ‘prickle’ cells. (c) Gross
reticulocytosis after splenectomy (supravital new methylene blue
stain).

Management
No curative therapy for PK deficiency is available to date, and
the treatment is therefore based on supportivemeasures. Red cell
transfusions may be required in severely anaemic cases, particu-
larly in the first years of life; the haemoglobin then tends to sta-
bilize in many cases at about 60–80 g/L, and transfusions are no
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longer necessary unless the anaemia is exacerbated by infections,
pregnancy or other conditions. Because the delivery of oxygen to
tissues is highly efficient due to the high 2,3-DPG content, the
decision to transfuse a PK-deficient patient should be based on
the clinical conditions rather than on the haemoglobin levels.
Splenectomy does not arrest haemolysis, and should be

reserved for severely affected, young patients who need regular
blood transfusions, and to patients who do not tolerate anaemia.
It usually results in an increase of 10–30 g/L in haemoglobin,
reducing or even eliminating transfusion requirement. Indica-
tions and risks of splenectomy, particularly the risk of over-
whelming sepsis, are the same reported for red cell membrane
disorders and have been discussed in Chapter 7. Aplastic or
haemolytic crises may still occur after splenectomy. As with
all chronic haemolytic anaemias, folic acid 5 mg per week or
400 μg daily is a sensible supplement. Iron chelation may be
required since iron overload is not uncommon in PK deficiency,
even in non-transfused patients. Bone marrow transplantation
has been successfully performed in a few very severely affected
children.

Other defects of the enzymes of the
glycolytic system

Compared with PK deficiency, other defects of the glycolytic
pathway are very rare. The main features of these disorders are
summarized in Table 8.5.

Hexokinase deficiency
Hexokinase catalyses the phosphorylation of glucose to glucose-
6-phosphate (G6P), the first step in the glycolytic pathway. The
erythrocytic isoenzyme, derived from alternative splicing, dif-
fers from that in nucleated cells, which have oxidative respira-
tion, by lacking a porin-binding domain that links the enzyme
to the mitochondrial membrane. The enzyme provides a major
rate-limiting step in glycolysis and has extensive allosteric inter-
actions: it is highly pH sensitive and its activity is regulated by
its products, G6P, Pi, 2,3-DPG and disulfide compounds. The
enzyme activity decays predictably with age of the normal red
cell, and may be used as a comparator for other enzyme activi-
ties where absolute levels may be difficult to interpret because of
the age distribution of the red cells.
Hexokinase deficiency has been recorded in about 20 cases

characterized by molecular and phenotypic heterogeneity. Most
patients have moderately reduced activity and complete hexoki-
nase deficiency is probably lethal. The enzyme deficiency results
in moderate, mild anaemia, but some cases present with severe
anaemia and death in neonatal period. Typically, reduced hexo-
kinase activity is associatedwith a low concentration of 2,3-DPG
within the cells. Patients have less exercise tolerance for a given
level of haemoglobin than would be expected because of the left
shift in the oxygen dissociation curve.

Glucose phosphate isomerase deficiency
Glucose phosphate isomerase (GPI) catalyses the second step of
glycolysis, the interconversion of G6P to fructose-6-phosphate
(F6P). The enzyme is also known as phosphohexose iso-
merase, phosphoglucose isomerase, autocrine motility factor
and neuroleukin, indicating that the protein has other actions in
other cells.
GPI deficiency is one of the commonest causes of CNSHA

after G6PD and PK deficiency. About 30 different mutations
have been identified, underlying the molecular heterogene-
ity and consequently the heterogeneity of the clinical picture.
Most reported cases present with mild to moderate haemolytic
anaemia; hydrops fetalis may occur. In T lymphocytes, GPI
acts as neuroleukin, a lymphokine that induces the forma-
tion of antibody-secreting cells. GPI is also expressed in neu-
trophils, but there is no increase in infections in deficient sub-
jects. In some deficient patients, neurological impairment or
mental retardation has been reported, thought to be related to
hypoxia or ischaemia in utero rather than to direct metabolic
effects.

Phosphofructokinase deficiency
Phosphofructokinase (PFK) catalyses a reaction in which F6P
is phosphorylated to fructose-1,6-diphosphate, ATP being the
donor of the phosphate group. Under normal physiological con-
ditions this may be the major rate-limiting step in glycolysis in
the red cell. Erythrocytic PFK is a tetramer composed of M or
L subunits encoded by two separate genes; there may be five
isoenzymes composed of different numbers of L andMsubunits.
PFK is a homotetramer of M subunits (M4) in muscle and of
L subunits (L4) in liver. A third subunit is found in platelets.
Deficiency of the M subunit leads to glycogen storage disease
type 7 (Tarui disease). It is characterized by muscle cramps and
myoglobinuria on exertion. Shortened red cell viability may be
a minor component of this disease. Evidence of haemolysis may
be accompanied by mild erythrocytosis as a result of decreased
production of 2,3-DPG.

Fructose diphosphate aldolase A deficiency
Fructose-1,6-diphosphate aldolase A (ALDOA) catalyses the
conversion of fructose-1,6-diphosphate to Ga3P and dihydroxy-
acetone phosphate (DHAP). There are three aldolase isoen-
zymes in human tissues, A, B and C; A isoenzyme is expressed
in red cells. ALDOA is produced in the developing embryo
and also forms the bulk of the enzyme in muscle, where it
may be as much as 5% of the total cellular protein. In the
red cell, the reaction catalysed by the enzyme is virtually
irreversible.
This enzyme deficiency is extremely rare, with only six

patients described so far. The defect presents with anaemia,
which may be associated with mental retardation, dysmorphic
features or myopathy. In one patient rhabdomyolysis occurred.
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Chapter 8 Hereditary disorders of the red cell membrane and disorders of red cell metabolism

Triose phosphate isomerase deficiency
Triose phosphate isomerase (TPI) catalyses the interconversion
of DHAP and Ga3P. In red cells, all DHAP is converted to Ga3P,
which is then metabolized down the glycolytic pathway, pro-
viding the ultimate two molecules of ATP for each molecule of
glucose metabolized. The enzyme is a homodimer present in
all tissues that is catalytically active only in its dimeric form.
In tissues other than the red blood cell, DHAP is an impor-
tant precursor for the biosynthesis of lipids. More than 50 cases
of TPI have been reported. This produces a severe syndrome,
present from birth, consisting of CNSHA, a progressive neu-
rological disorder with spasticity and central nervous system
(CNS) degeneration. Cardiac failure and sudden death due to
arrhythmias are also features. Death occurs usually at about 5
years of age, likely because of the formation of toxic protein
aggregates, induced by misfolded TPI. A number of point muta-
tions have been identified that lead to the syndrome; the most
predominant is Glu104Asp, linked by common haplotypes sug-
gesting descent from a common ancestor.

Phosphoglycerate kinase deficiency
Phosphoglycerate kinase (PGK) catalyses the reversible con-
version of 1,3-DPG to 3-phosphoglycerate, generating one
molecule of ATP for each molecule of 1,3-DPG metabolized.
The active enzyme in the red blood cell is encoded by the PGK1
gene on the X chromosome. The enzyme is monomeric and is
expressed in all tissues. PGK deficiency shows a wide clinical
phenotype: it may present with chronic haemolysis, neurolog-
ical impairment (mental retardation, and ataxia), and myopa-
thy (exercise intolerance or muscle weakness). A few affected
individuals suffer the full spectrum of symptoms, whereas some
cases are described with myopathy without haemolysis.

Defence against oxidative stress:
the production of reducing power

As with all cells, but perhaps more urgently, red blood cells need
to be protected against the effects of free radicals, hydrogen per-
oxide and other highly oxidative material to maintain mem-
brane integrity and functional activity. In addition, haemoglobin
has to be maintained in its functional state, and the steady
production of methaemoglobin reversed to deoxyhaemoglobin,
which is able to combine reversibly with oxygen. The major
generator of reducing power within the red cell is the pen-
tose phosphate pathway, which generates reducing power in
the form of NADPH from NADP+ coupled to the oxidation of
G6P to 6-phosphogluconate (6PG) and the subsequent oxida-
tion of 6PG to ribose-5-phosphate, by the action of G6PD and
6-phosphogluconate dehydrogenase (Figure 8.14).
GSH is important for protecting cells from oxidative damage

by these free radicals and the effects of infection, maintaining
protein sulfydryl groups in the reduced state and maintaining

Glucose

Pyruvate

G6P

F6P

Ga3P

6PG Ru5P

R5PXy5P

S7P Ga3P

E4P F6P

CO2NADP+

NADPH + H+ NADPH + H+

Transketolase Transketolase

Transalkolase

G6PD 6PGD PKE PRI

NADP+

Figure 8.14 The pentose phosphate pathway. Substrates: G6P,
glucose-6-phosphate; 6PG, 6-phosphogluconate; Ru5P,
ribulose-5-phosphate; R5P, ribose-5-phosphate; Ga3P,
glyceraldehyde-3-phosphate; F6P, fructose-6-phosphate; Xy5P,
xylose-5-phosphate; S7P, septulose-7-phosphate; E4P,
erythrose-4-phosphate. Enzymes: G6PD, glucose-6-phosphate
dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; PKE,
phosphoketoepimerase; PRI, phosphoribose isomerase.

membrane transport. GSH is provided by the glutathione cycle
linked to the pentose phosphate pathway through the action of
glutathione reductase (Figure 8.15).
Oxidative stress that exceeds the reducing power of the red

cell leads to intravascular haemolysis following denaturation
of haemoglobin with precipitation as Heinz bodies and per-
oxidation of the red cell membrane. Methaemoglobinaemia
may occur. The resulting clinical features – acute intravascular
haemolysis,Heinz body haemolytic anaemia ormethaemoglobi-
naemia – depend on the nature of the oxidative stress and
the size of the imbalance between the stress and the redox
potential.

Pentose phosphate pathway (hexose
monophosphate shunt)

The pentose phosphate pathway, schematically shown in Figure
8.12 and in detail in Figure 8.14, is essential for the produc-
tion of ribose and its incorporation into RNA. In red cells its
only function is the production of reducing power in the form
of NADPH. The first step of the pathway, catalysed by G6PD,
utilizes G6P as substrate. G6P is also a substrate for glycolysis.
About 10% of glucose is metabolized by the pentose phosphate
pathway which is controlled by the availability of NAD+ and
the feedback inhibition of ATP. Under conditions of oxidative
stress, the flux through the pentose phosphate pathway can be
greatly increased. The products of the pathway re-enter the gly-
colytic pathway through F6P or Ga3P. The most frequent defect
of the pentose phosphate pathway is G6PD deficiency. However,

131



Postgraduate Haematology

Glutamic acid Cysteine

γ-Glutamylcysteine

Glutathione
synthetase  

  -Glutamylcysteine
synthetase

ATP

ADP

ATP

ADP

Glutathione
peroxidase

Glutathione
reductase

GSH

GSSG

NADP+

NADPH

G6P

Glucose-6-phosphate
dehydrogenase

6PG

RSSR

H2O2

H2O

RSH

MetHb

Hb Fe2+

NADPH MetHb
reductase

Glycine

Glutathione S-
transferase

Catalase

Figure 8.15 The glutathione (GSH) cycle
and synthetic pathways. Redox control is
exercised by the glutathione cycle linked to
the NADPH of the pentose phosphate
pathway by glutathione reductase.

other enzymes can be important in acquired disorders, some
steps of the pathway being inhibited by drugs, including oestro-
gen/progesterone contraceptive pills.

Glucose-6-phosphate dehydrogenase
deficiency

G6PD is the enzyme controlling flux through the availability
of NADP+. Conversion of G6P to 6PG is accompanied by the
reduction of NADP+ to NADPH (Figure 8.14); the oxidation
of 6PG to ribose-5-phosphate produces a second molecule of
NADPH. NADP+ availability is determined by the glutathione
cycle, which is linked to the pentose phosphate pathway through
the activity of glutathione reductase (Figure 8.15).
The gene encoding for G6PD is located on the X chromo-

some at Xq28. The protein is assembled to produce an equilib-
rium of dimers and tetramers. Each monomer has an NADP+-
binding domain and a large domain with the active site between
the two. The gene is highly conserved throughout evolution and
is expressed in all cells, with an essential role in the production
of RNA in nucleated cells. Complete inactivity of the enzyme
in nucleated cells would be lethal. The clinical consequences
of G6PD deficiency are virtually confined to the erythrocyte,
with occasional evidence of leucocytemalfunction in some vari-
ants. Most mutations affect the stability of the enzyme so that its
activity rapidly declines in the mature enucleated red cell as it
ages. G6PD deficiency is the commonest genetically determined
enzyme deficiency in the world, with an estimated 400 million
people being affected. More than 180 different variants associ-
ated with deficient enzyme activity have been described and at
least 35 of them are polymorphisms. The G6PD variants have

been classified into five classes according to their activity rel-
ative to the wild-type G6PD type B (Table 8.6). In Africa, the
variant G6PD type A− is the predominant polymorphism, with
equivalent activity to G6PD type B.
G6PD deficiency is widely disseminated throughout Africa,

the Mediterranean basin, the Middle East, Southeast Asia and
indigenous populations of the Indian subcontinent. G6PD-A−

is common in Africa; the Mediterranean variant is common
in Southern Italy, Sardinia and other Mediterranean regions,
and G6PD-Canton is common in Southern China. These vari-
ants are only the most common among many different muta-
tions in these areas and throughout the rest of the affected
world. This distribution of the deficiency equates with areas
where Plasmodium falciparum malaria is common, and this
is thought to be the evolutionary drive that has produced such
widespread polymorphisms. It has subsequently been confirmed
that G6PD deficiency does indeed protect against lethal fal-
ciparum malaria, particularly in childhood, and this protec-
tion, especially in hyperendemic areas, more than outweighs the
haematological problems associated with deficiency.
There are four main syndromes associated with G6PD defi-

ciency differing in their clinical presentations: neonatal jaun-
dice, favism, chronic non-spherocytic haemolytic anaemia and
drug-induced haemolytic anaemia. In all four, haemolysis is
aggravated or promoted by exposure to oxidative stress through
infection or ingestion of oxidative foods or drugs. Age always
modifies the clinical effects, not always as might be expected.
The neonatal jaundice syndrome has been described in class

I, II and III variants, favism mainly, though not exclusively, in
class II, CNSHA in class I, and the drug-induced haemolytic
anaemias mainly class III. While G6PD deficiency is most

132



Chapter 8 Hereditary disorders of the red cell membrane and disorders of red cell metabolism

Table 8.6 World Health Organization classification of G6PD deficiency (1989).

Class
Enzyme activity
(% normal) Examples Clinical effects

I Severe (usually <2) Santiago de Cuba
(Gly447Arg)

CNSHA, acute
exacerbations

II <10 Mediterranean (Ser188Phe)
Canton (Arg459Leu)
Orissa (Ala44Gly)

Favism, acute intravascular
haemolysis (drug
induced), neonatal
jaundice

III Moderate (>10, <60) A− (Val68Met,
Asn126Asp)

Acute intravascular
haemolysis (drug
induced), neonatal
jaundice

IV 100 B (wild type) None
A (Asn126Asp) None

V 150 // None

CNSHA, congenital non-spherocytic haemolytic anaemia.

common in males, the prevalence of the gene in many parts
of the world means that female homozygotes are not uncom-
mon and heterozygous females are often susceptible to oxida-
tive stress because of the effects of X-inactivation and marked
lyonization resulting in a significant population of G6PD-
deficient red cells.

Neonatal jaundice and G6PD deficiency in
infancy
Neonatal jaundice is a severe manifestation of G6PD deficiency
and is a major source of potential morbidity from kernicterus.
Most common variants have been associatedwith the syndrome,
including the A− and Mediterranean variants. In parts of the
world where G6PD is common, it is the most prevalent cause
of neonatal jaundice. The jaundice probably starts in utero dur-
ing the perinatal period, but the clinical problem only becomes
apparent on about the second or third day after birth. Photother-
apy or exchange transfusion may be required to prevent neu-
rological sequelae. Anaemia is not a feature, and it is thought
that jaundice is a manifestation of liver enzyme deficiency cou-
pled perhaps to the physiological underdevelopment of neonatal
liver function or the coinheritance of Gilbert’s syndrome. Acute
haemolytic crises may occur in infants, usually through expo-
sure to oxidative stress, including nitrites or nitrates in water or
the ingestion of fava beans by the mother, but in some cases of
severe acute haemolysis, even fatal, no cause has been obvious.

Favism
Favism is the term given to the G6PD syndrome where acute
intravascular haemolysis may be precipitated by exposure to

the broad bean Vicia fava, ingested in any form, usually about
24 hours after the exposure (Table 8.7). The offending agent is
divicine, or its aglycone isouramil, which can produce free oxy-
gen radicals on autoxidation. Divicine is not present in peas
or beans of other types, which may be eaten without effect.
The amount of haemolysis is dose-related, which may explain
the marked variation in susceptibility not only in different sub-
jects, but also in the same individual at different times. In chil-
dren, acute haemolysis, sometimes life-threatening, is common,
but renal failure is uncommon, although there may be systemic
symptoms of fever and loin pain. Renal failure occursmore often
in adults, possibly because of comorbidity. Favism is usual in
class II variants, for example Mediterranean and Canton, but
may occur in others, including the African A− variant. Acute
haemolysis after eating fava beans has also been described in
glutathione reductase deficiency. Some other compounds with
which affected individuals may come in contact can cause acute
haemolysis, including topical henna and some of the pulses used
to make local sweetmeats.
Between attacks of favism or exposure to oxidizing sub-

stances, the blood count is normal with no evidence of haemol-
ysis. The cooccurrence of infection, which promotes the for-
mation of hydrogen peroxide following the oxygen burst in
neutrophils and macrophages with ingestion of oxidizing sub-
stances, even mild ones such as chloramphenicol, may promote
haemolysis, even though the drug on its own does not.

Chronic non-spherocytic haemolytic anaemia
Sporadic cases of CNSHAare foundwith underlyingG6PDdefi-
ciency.Many of themutations that cause CNSHA occur on exon
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Table 8.7 Characteristic features of haemolytic attack in G6PD deficiency.

Phase Clinical Laboratory

Acute Abrupt onset
Malaise, prostration
Pallor Anaemia, Heinz bodies,

reticulocytosis, G6PD
deficient

(Abdominal pain)
Fever Leucocytosis
Dark urine Haemoglobinuria, haptoglobin

absent
Haemoglobinaemia
Methaemalbuminaemia
Jaundice Hyperbilirubinaemia
(Renal failure) ↑ Urea, ↑ creatinine

Recovery Gradual but rapid cessation of
haemolysis

Reticulocytes peak days 5–8

Urine clears in few days
Jaundice clears in 1–2 weeks

G6PD increases (rarely to
normal range)

10 and affect the formation of dimers or tetramers. The haemoly-
sis is extravascular, although additional oxidative stressmay pro-
voke an acute intravascular episode.

Drug-induced acute haemolysis
The introduction of primaquine and its derivative pamaquine
as antimalarials to replace quinine during the Pacific phase of
the Second World War and the later Korean War revealed that
a proportion of men exposed, particularly in the black pop-
ulation, suffered from severe acute intravascular haemolysis.
Studies by Carson and others from the University of Chicago,
working at the Statesville Penitentiary Malaria Project, identi-
fied the problem as G6PD deficiency and identified that young
red cells and reticulocytes had sufficient activity to withstand
the oxidative stress so that haemolysis lessened as the reticulo-
cyte level rose. It became apparent that many other drugs could
also produce haemolysis. The common African A− variant is
the main example of class III mutations producing this type of
haemolysis.
The haemolysis is dose-related and may be self-limiting.

Although it is important to recognize which drugs are likely to
produce haemolysis (Table 8.8), it is also important to realize that
the disease for which the drugs may be needed, for example fal-
ciparummalaria, may be fatal and thus the concern for haemol-
ysis is a lesser problem.

Laboratory diagnosis
Acute intravascular haemolysis raises the suspicion of G6PD
deficiency. Red cell morphology shows contracted haemoglobin
in ‘ghost’ membranes (Figure 8.16). Haemoglobinuria may be

gross, producing almost black urine without red cells in the
centrifuge deposit. Several screening tests have been devised to
identify G6PD deficiency in red blood cells. These tests can reli-
ably distinguish between deficient and non-deficient individu-
als, but are not reliably quantitative. The gold standard is the
quantitative assay of G6PD activity. Since G6PD activity is red
blood cell age-dependent the measurement of enzyme activ-
ity might yield false-normal results in the presence of reticu-
locytosis, (i.e. during haemolytic attack). The diagnosis of het-
erozygous females can be especially difficult; in extreme cases, it
can only be done by family studies. However, the probability of

Figure 8.16 G6PD deficiency. Peripheral blood film following
acute oxidant drug-induced haemolysis shows an erythroblast and
damaged red cells, including ‘blister’ and ‘bite’ cells.
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Table 8.8 Drugs to be avoided in G6PD deficiency.

Category of drug Predictable haemolysis Possible haemolysis

Antimalarials Dapsone
Primaquine
Methylene blue

Chloroquine
Quinine

Analgesics/Antipyretic Phenazopyridine Aspirin (high doses)
Paracetamol (Acetaminophen)

Antibacterials Cotrimoxazole
Sulfadiazine
Quinolones (including nalidixic
acid, ciprofloxacin, ofloxacin)
Nitrofurantoin

Sulfasalazine

Other Rasburicase
Toluidine blue

Chloramphenicol
Isoniazid
Ascorbic acid
Glibenclamide
Vitamin K
Isosorbide
Dinitrate

Similar tables have also been published previously (e.g., Betke et al., 1967; Cappellini & Fiorelli, 2008; Luzzatto, 2012). The
Predictable haemolysis column includes all 7 drugs listed in a recent evidence-based review (Youngster et al., 2010). We consider
that even a single case of AHA must be taken seriously if the clinical picture is well documented and if AHA is unlikely to have
had another cause (e.g. infection): therefore, in addition to those seven drugs, we have retained in this column the following. (a)
Cotrimoxazole. This drug is used widely in patients with human immunodeficiency virus (HIV) and in other conditions. AHA
developed in at least two HIV-acquired immunodeficiency syndrome patients (Tungsiripat et al., 2008), one of whom was
G6PD-deficient. Additional cases have been reported (reviewed in Ho & Juurlink, 2011). It is presumed that, of the two chemicals
present in cotrimoxazole, sulfamethoxazole rather than trimethoprim is likely to be the culprit. (b) Sulfadiazine: we found at least
one case report (Eldad et al., 1991) entirely convincing. (c)Quinolones. Although some cases may be regarded as anecdotal, in our
view there are at least three convincing ones: one with nalidixic acid (Alessio & Morselli, 1972), one with ciprofloxacin (Sansone
et al., 2010), and one with ofloxacin (Carmoi et al., 2009). Interestingly, the last two patients were (presumably heterozygous)
women; the first was unique because she had no illness, but was exposed to nalidixic acid by virtue of working in a chemical
factory that produced it. We also feel that if several reports are about chemically related compounds they tend to strengthen each
other. The Possible haemolysis column is based on older literature (see for instance Burka et al., 1966; WHOWorking Group,
1989). As examples of the causal role of some of these drugs in causing AHA in G6PD-deficient persons see Sicard et al., (1978) for
chloroquine, Meloni et al., (1989) for aspirin, Mehta et al., (1990) for ascorbic acid, Meloni and Meloni (1996) for glibenclamide.
Source: Luzzatto & Seneca, 2014. Reproduced with permission of Wiley.

clinically significant haemolysis in a heterozygote roughly cor-
relates with the proportion of G6PD-deficient red cells in her
blood. Therefore, if a normal level of G6PD activity is found
in a heterozygote, she is unlikely to be at risk of G6PD-related
haemolysis. DNAanalysis is themost effectiveway of identifying
heterozygotes, in particular in regions where G6PD has a high
prevalence and the main variants are known.

Management
Management is mostly dictated by the symptoms and signs in
patients, although education in the avoidance of oxidizing sub-
stances is important (Table 8.8). In many populations the con-
dition is well known and the need for avoidance recognized.
Neonatal jaundicemayneedurgent therapy to prevent neurolog-
ical damage. Extreme hyperbilirubinaemia can be prevented by

administration of Sn-mesoporphyrin if the diagnosis is known at
birth. Acute intravascular haemolysis may require transfusion,
but the anaemia is often self-limiting. High fluid intake should
be encouraged to prevent renal damage. CNSHA may be severe
enough to warrant active treatment and splenectomy may be
helpful.

Glutathione

GSH is the major intracellular thiol in aerobic cells, and is
equally important in the red cell. It has a number of critical func-
tions: protecting cells against oxidative damage, participation
in detoxification of foreign compounds, maintenance of pro-
tein sulfydryl groups in a reduced state, and possibly transport

135



Postgraduate Haematology

of amino acids. In red cells, its main function is as an antioxi-
dant.GSH is synthesized fromglutamate, cysteine and glycine by
the link reactions of two enzymes, γ-glutamylcysteine synthetase
and glutathione synthetase (Figure 8.15).GSHexerts its function
in preserving thiol groups and reducing hydrogen peroxide and
free oxygen radicals through reactions catalysed by glutathione-
S-transferase and glutathione peroxidase, respectively. Oxidized
glutathione (GSSG) is reduced to GSH by the action of glu-
tathione reductase, the hydrogen donor being NADPH. Failure
to maintain the GSH level leads to chronic haemolytic anaemia
and increased susceptibility to oxidative stress.
Complete loss of GSH synthesis is probably lethal. Severe defi-

ciency leads to 5-oxoprolinuria, metabolic acidosis and men-
tal retardation. A milder deficiency limited to red cells is asso-
ciated with haemolytic anaemia aggravated by oxidative stress.
Low levels of GSH caused by γ-glutamylcysteine synthetase
or glutathione synthetase deficiency, with CNSHA, have been
described (Table 8.5). Haemolytic anaemia due to deficiency of
glutathione reductase has also been reported.

Nucleotide metabolism

Adenosine nucleotides, ATP (85–90%), ADP (10–12%) and
AMP (1–3%), comprise the main nucleotide pool in mature
red cells. The cell has no mechanism for making nucleotides
once the RNA of the reticulocytes has been degraded, and it has
an effective salvage mechanism for maintenance of the adenine
pool, with the enzymes adenosine deaminase (ADA) and adeny-
late kinase involved in regulation. Deficiency of the enzymes
in the salvage pathway does not usually lead to haemolysis.
ADA deficiency is associated with severe combined immuno-
deficiency and excess activity is found in Diamond–Blackfan
anaemia. During maturation of reticulocytes the RNA is bro-
ken down to pyrimidine and purine nucleotides, which are
dephosphorylated to nucleosides that can diffuse out of the cell.
The purine nucleotides enter the salvage pathway. Deficiency of
pyrimidine 5′-nucleotidase leads to accumulation of pyrimidine
nucleotides that interferes with the adenine nucleotide pool,
producing haemolysis (Table 8.5).

Cytoplasm

UMP

CMP

Uridine

Cytidine

Plasma

Pyrimidine 5'-nucleotidase 1

H2O Pi

Figure 8.17 Pyrimidine nucleotide catabolism in the reticulocyte.
Pyrimidine 5′-nucleotidase converts the nucleotides to
monophosphates, which diffuse out of the cell.

Figure 8.18 Peripheral blood film in pyrimidine 5′-nucleotidase
deficiency showing basophilic stippling.

Pyrimidine 5′-nucleotidase

Pyrimidine 5′-nucleotidase (P5N), catalyses the dephosphoryla-
tion of the pyrimidine 5′-monophosphates uridine monophos-
phate (UMP) and cytidine monophosphate (CMP) to corre-
sponding nucleosides (Figure 8.17). In red cells, there are two
isoforms, type 1 (P5N1), which has a high affinity for UMP
and CMP, and type 2 (P5N2), which hydrolyses deoxypyrim-
idine nucleotide monophosphates. P5N1 deficiency leads to
haemolytic anaemia. The gene (NT5C3, also named P5′N1),
codifies for the two isoforms by exon 2 alternative splicing. The
enzyme is strongly inhibited by lead.
P5N1 deficiency is not uncommon, it is probably the third

most common enzyme deficiency causing CNSHA. It is char-
acterized by marked basophilic stippling in the red cells (Figure
8.18), similar to that seen in lead poisoning, and accumulation
of high concentrations of pyrimidine nucleotides. The haemoly-
sis is usually mild to moderate, although more severe cases have
been reported. Splenectomy usually results in stabilization of the
haemoglobin to higher levels (median increase 32 g/L).
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9Acquired haemolytic anaemias
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Introduction

The acquired haemolytic anaemias are usually divided into two
main categories, depending on the mechanism by which the
premature destruction of red blood cells is produced. In the
immune haemolytic anaemias, antibodies are the main agents
of destruction, while the non-immune acquired haemolytic
anaemias result fromdiverse causes andmechanisms of haemol-
ysis. In haemolytic anaemias, significant shortening of red cell
survival is themajor cause of the anaemia and produces the clas-
sical features of haemolysis.

Immune haemolytic anaemias

Antibody-mediated haemolysis is an important cause of
acquired haemolytic anaemia. Antibodies may be autoantibod-
ies produced by a patient’s own immune system and directed
against epitopes of his/her own red cell antigens or they may be
alloantibodies. Alloantibodies may be produced by the patient
and directed against antigens not present on that person’s own
red cells, but either introduced as foreign red cell antigens by
blood transfusion or secondarily acquired by the patient’s red
cells, as in drug-induced haemolysis. Alloantibodies directed
against the patient’s red cell antigens might also be introduced
from outside the patient, most notably from the mother in
haemolytic disease of the newborn. A simple classification of
immune haemolytic anaemias is given in Table 9.1. Typically, the
immune haemolytic anaemias are distinguished from the non-
immune by detecting antibody on the surface of red cells by the
direct antiglobulin test (DAT), also known as the Coombs test.

Autoimmune haemolytic anaemia

Autoimmune haemolytic anaemia (AIHA) is characterized by
a positive Coombs test or DAT, which detects antibody, with
or without complement, on the red blood cell surface. In the
majority of cases, the pathogenesis involves a disturbance of the
immune system in which T-lymphocyte control of autoreactive
B lymphocyte clones is reduced.
AIHA is classified into warm and cold types depending on

the characteristic temperature at which the red cell autoanti-
body is mostly reactive. Warm (IgG) autoantibodies bind to
red cells more strongly at 37 ◦C and have decreased affinity
at lower temperatures, while cold (IgM) autoantibodies bind
to red cells more strongly at 4 ◦C, with little affinity at phys-
iologic temperatures. Occasionally, patients have a combina-
tion of warm and cold autoantibodies. Haemolysis is mainly
extravascular in AIHA; the red cells are more commonly coated
with IgG only and IgG-coated red blood cells are preferen-
tially destroyed in the spleen. In cases where the red blood
cells are coated with a combination of IgG and complement
or with complement alone, the main site of destruction is the
liver, but intravascular haemolysis may also occur. The site and
severity of red cell destruction depend on the structural and
functional characteristics of the antibody and the efficiency of
the mechanism of destruction, while the degree of anaemia
depends on the rate and acuteness of the destruction and the
capacity of the bone marrow to compensate for the red cells
lost.
AIHA may occur without any underlying cause, primary

or idiopathic AIHA, or may be associated with other disor-
ders including systemic autoimmune disorders (such as sys-
temic lupus erythematosus, SLE, and rheumatoid arthritis);
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Table 9.1 Classification of immune haemolytic anaemias.

Antigen type Antibody Diseases Associations

Autoimmune Warm antibody Primary Idiopathic
Secondary Autoimmune diseases (ITP, SLE,

Rheumatoid arthritis)
Lymphoproliferative disorders
Infections (EBV)
Ovarian cysts
Ovarian carcinoma and some
other cancers

Drugs
Cold antibody Cold haemagglutinin disease (CHAD)

Cold antibody syndromes Infections (M. pneumoniae),
lymphoproliferative disorders

Donath–Landsteiner antibody Paroxysmal cold haemoglobinuria (PCH) Post viral, syphilis

Alloimmune Induced by red cell antigens Haemolytic transfusion reactions
Haemolytic disease of the newborn (HDN)
Post-stem-cell allografts

Drug dependent Antibody/macrophage mediated
Antibody/complement mediated
Membrane modification
Autoimmune

ITP, immune thrombocytopenia; SLE, systemic lupus erythematosus; EBV, Epstein–Barr virus.

malignancy (lymphoma, thymoma and chronic lymphocytic
leukaemia, CLL) or drug exposure.

Antibody characteristics and specificity of red
cell autoantibodies

Autoantibodies typically show reactivity against a number of
antigens and are not as specific as alloantibodies. Antibody char-
acteristics that influence the site and intensity of red cell destruc-
tion in AIHA can be evaluated using the DAT and the thermal
range of antibody binding. Monospecific antihuman globulin
reagents for the DAT are routinely available for the detection
of IgG, IgM and IgA and for complement components C3c and
C3d.Multispecific reagents are also available, as are reagents spe-
cific for IgG subclasses, but the latter are difficult to standardize.

Warm-acting antibodies
Warm-acting antibodies are mostly active in vitro at 37 ◦C; they
are polyclonal and IgG antibodies predominate. In most cases of
warm-type AIHA, the antibody detected in the patient’s serum
is pan-reacting with all cells in a routine group O panel. Where
the specificity of the antibody can be determined, it ismost com-
monly in the Rh blood group complex, with 10–15% showing
specificity for either anti-e, anti-D or anti-c. A greater propor-
tion show specificity by reacting with all cells except –/– Rhnull

cells. Other rare specificities against high-frequency antigens
include anti-Ena, anti-Wrb or anti-U.
The most frequent patterns detected by the DAT on the

red cell surface are as follows: IgG alone, IgG and comple-
ment, and complement alone. Antibodiesmay be detected in the
serum at 37 ◦C by the indirect antiglobulin test (IAT) in about
50–60% of patients; rising to more than 90% of cases when the
red cell membrane of the reagent cells ismodified with papain or
another proteolytic enzyme. Antibody may also be eluted from
the red cell membrane in a majority of cases and the specificity
determined.
A subtype of warm AIHA has been defined in which both

warm- and cold-type antibodies are found, both tend to be
lytic, and this ‘mixed type’ AIHA tends to produce a more
severe haemolysis with an intravascular component. It is most
commonly associated with SLE or lymphoproliferative disease
(LPD).

Cold-acting antibodies
Cold-acting antibodies are predominantly IgM and are most
actively bound to antigen in the cold (4 ◦C). Cold antibodies
act both as agglutinins and lysins in vitro; the two functions
may have different thermal ranges. The clinical significance of
the antibody is not related to the titre of the cold antibody, but
depends purely on the thermal range of its activity and how the
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antibody binds to red cells at or near 37 ◦C. IgMantibodies active
against I (auto) antigen at 4 ◦C can be a normal finding and
although they have a wide range of thermal activity, they pro-
duce no clinical disturbance above 32 ◦C. In vitro, the IgM anti-
bodies elute off the red cell membrane, leaving bound comple-
ment to be detected by anti-C3d in the DAT. In idiopathic cold
haemagglutinin disease (CHAD) andmost cases associated with
LPD, the cold antibodies are monoclonal (IgM κ) whilst cold
antibodies associated with viral infections are polyclonal. The
IgM antibodies have specificitymainly for the I antigen although
anti-i specificity may be found in Epstein–Barr virus (EBV)-
associated infection and some cases of LPD. In cold agglutinin
syndrome, anti-i specificity is usually seen. However, occasion-
ally, there is specificity for anti-I, rarely for anti-Pr, anti-P, anti-M
or anti-N and even cold reacting anti-A or anti-B. The antibod-
ies in a subtype of cold AIHA, paroxysmal cold haemoglobin-
uria (PCH), are IgG and bind to antigen below 20 ◦C. When the
temperature is raised to 37 ◦C in the presence of complement,
lysis occurs. This biphasic reaction is the basis of the Donath–
Landsteiner reaction. In PCH, the specificity of the autoantibody
is anti-P.

Complement activation
Complement activation on the red cellmembranemay be caused
by autoantibodies against red cell antigens. Antibody binding
to two adjacent sites on the red cell membrane is required to
activate the C1 complement component by the classical path-
way (Chapter 16). IgM molecules are pentameric and a sin-
gle molecule can bind adjacent sites whilst IgG molecules can
only activate complement if they form a ‘doublet’. IgG1, IgG2
and IgG3 can activate complement, whereas IgG4 and IgA do
not. In AIHA, complement activation usually stops at the C3
stage where C3b is bound to the membrane and further prote-
olysed to form the inactive component C3d, which is detected
by the appropriate DAT. Complement activation beyond the C3
stagemay lead to the formation of themembrane attack complex
resulting in intravascular haemolysis. AIHA due to IgG2 alone
is very rare and that due to IgG4 or IgA alone is uncommon. It is
interesting that in the rare case of IgA AIHA, complement does
become activated on the cell surface, although the mechanism is
obscure as IgA does not itself fix complement. In general, when
there is more than one class or subclass of antibody on the cell
surface, the haemolysis ismore intense andmay be intravascular.

Mechanisms for immune red cell destruction

There are two main effector mechanisms in vivo: (a) cell-
mediated, predominantly extravascular, immune destruction
and (b) complement-mediated intravascular haemolysis.

Cell-mediated immune destruction
Cell-mediated immune red cell destruction of antibody-coated
red cells is carried out by macrophages and monocytes which

have cell-surface receptors for the Fc portion of IgG and for anti-
genic determinants present on activated C3. Cellular immune
destruction is mediated through these receptors. Neutrophils
and lymphocytes also have these receptors, but macrophages of
the reticuloendothelial system within the spleen, liver and bone
marrow are the main site of destruction in vivo (Chapter 16).

Fc receptor mechanism
Macrophages have Fc receptors for IgG1 and IgG3 molecules,
but not for IgG2, IgG4, IgM or IgA (see also Chapter 14). Only
IgG-coated red cells are destroyed in this way, the main method
of destruction in warm AIHA where 70–75% of autoantibod-
ies are IgG. Phagocytosis and antibody-dependent cell-mediated
cytotoxicity are the major Fc receptor-dependent modes of
antibody-coated cell destruction.

Role of the spleen
The splenic vasculature is adapted to an efficient filter for
particles such as effete red cells, bacteria and immune com-
plexes (Chapter 17). As blood passes through the central arter-
ies towards the red pulp, the branches of these arteries have a
plasma-skimming effect that raises the haematocrit of the blood
as it passes towards the splenic cords. There, red cells come into
close contact with splenicmacrophages. The low plasma content
and the relative lack of free plasma IgGmolecules allow red-cell-
bound IgG to interact preferentially with macrophage Fc recep-
tors, leading to phagocytosis of coated red cells. When phago-
cytosis is partial, so that only portions of the cell membrane
are removed, the remaining circulating red cell becomes sphe-
rocytic, although the somewhat rigid spherocytes may them-
selves be trapped in the splenic sinusoids and destroyed. The
spleen is therefore the major site of red cell destruction when
IgG alone is the main Fc-binding protein on the red cell surface
(Chapter 17).

Role of the liver
Kupffer cells are macrophages that are present in the liver sinu-
soids and which express Fc receptors on their surface. Blood
flow through the sinusoids is rapid compared with the spleen
and there is no plasma-skimming effect so IgG-coated red cells
are not preferentially destroyed in this situation. Instead, there
is competition for the Fc receptors from circulating IgG and
red cell destruction is more dependent on cells being coated
with C3.

C3 receptor mechanism
Two types of C3 receptor have been identified on macrophages:
CR1 and CR3. CR1 is specific for an antigenic site in the C3c
region of activated C3b that is not exposed on native C3 and
the breakdown product of C3b (iC3b) is also a major ligand for
CR1 and the only ligand for CR3. Immune adherence of C3b-
coated red cells to macrophages occurs mainly through CR1,
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whereas CR3 binding triggers phagocytosis. The largest concen-
tration of C3b-binding macrophages is found in liver sinusoids
and the liver becomes the major site for trapping and phagocy-
tosing C3b-coated red cells. There is no competition for comple-
ment receptor sites from non-activated C3 in the plasma. When
markedly enlarged, the spleen also becomes an important site of
cell destruction. In coldAIHA, IgM agglutinins bindmost avidly
to red cells in the peripheral circulation, where the temperature
may be as low as 10–20 ◦C. Complement activation occurs and
leads to C3b and iC3d expression on the red cell membrane.
Macrophage destruction of red cells is the main mechanism of
haemolysis in IgM cold-antibody-coated cells and also occurs
in warm AIHA as a result of complement-fixing IgG and IgM
antibodies.

Complement-mediated intravascular haemolysis
Complement-mediated intravascular haemolysis is a minor
mechanism for red cell destruction in most patients with AIHA,
however in a small proportion of patients when more than one
class or subclass of immunoglobulin is present on the red cell
surface, such amechanismmaypredominate and produce severe
intravascular haemolysis.
In warm AIHA, complement-induced intravascular haemol-

ysis class of immunoglobulin is present on the red cell surface.
Intravascular haemolysis has been reported with IgA-coated red
cells, although the mechanism is obscure, as IgA does not itself
fix complement.
In cold AIHA syndromes, intravascular haemolysis may be

precipitated by exposure to cold. In such cases, lytic as well
as agglutinating antibodies with a high thermal range may
be demonstrated in vitro; a pattern that may be found in
cold AIHA associated with Mycoplasma pneumoniae infec-
tion. Acute intravascular haemolysis is the usual presentation in
PCH, where the antibody is IgG in type.

Other factors influencing red cell destruction
and production

Bonemarrow function and capability to provide a compensatory
increase in erythropoiesis following significant red cell destruc-
tionmay be impaired by autoantibodies that bind to and destroy
reticulocytes and erythroblasts as well as mature red cells. Red
cell production may also be reduced by acute folate deficiency
secondary to increased demand. In lymphoproliferative disor-
ders, red cell production can be impaired by bone marrow
infiltration.
Reticuloendothelial function plays an important role because

the severity of cellular immune red cell destruction depends
largely on macrophage function. Reticuloendothelial function
may be reduced in SLE by the clearance of immune com-
plexes, a process known as reticuloendothelial blockade. In
methyldopa-induced AIHA, the drug has been shown to reduce
reticuloendothelial clearance of IgG-coated red cells, a possible

explanation for the fact that many patients with a strongly posi-
tive DAT due to methyldopa have little or no haemolysis.
Hypocomplementaemia or a relative complement deficiency

may result from continuous complement activation such as
occurs in patients with chronic CHAD. Hypocomplementaemia
is common in SLE and may also be caused by chronic activa-
tion of the complement pathway. There is a strong association
between SLE and the occurrence of null alleles for the C2 and
C4 genes, which causes a genetically determined complement
deficiency.

Warm-type autoimmune haemolytic anaemias

Clinical Features
Warm-type AIHA affects all age groups and accounts for up to
70% of AIHA cases. Haemolysis is caused by high-affinity IgG
antibodies produced by reactive polyclonal B cells. An underly-
ing or associated disorder can be identified in 50–70% of cases
and there is a preponderance of female patients in both idio-
pathic and secondary AIHA.
Presentation is variable and depends on the speed with which

anaemia develops, the capacity of the bone marrow to com-
pensate and the effects of any associated disease. Typically,
the onset is insidious, with gradual awareness of symptoms of
anaemia or observation of pallor or mild icterus by friends or
relatives. Occasionally, the onset is acute, with rapidly devel-
oping anaemia and, in older patients, the risk of heart fail-
ure. Rarely, severe fulminating haemolysis may occur, resulting
in life-threatening anaemia. A moderate increase in unconju-
gated serum bilirubin and excess urinary urobilinogen occurs
as a result of extravascular haemolysis. Where intravascular
haemolysis occurs, patients pass very dark urine caused by
haemoglobinuria and haemosiderinuria. More marked icterus
(bilirubin >90 μmol/L) suggests coexisting liver disease or bil-
iary tract obstruction due to pigment gallstones or biliary sludge.
Mild splenomegaly is common, rarely more than 2–3 cm below
the costal margin; marked splenomegaly suggests the possibility
of an underlying LPD.
Anaemia with marked reticulocytosis is present and the

peripheral blood film is characterized by polychromasia, sphe-
rocytes (Figure 9.1), circulating nucleated red cells and, in some
cases, red cell agglutination. Rarely, theremay be reticulocytope-
nia associated with a positive DAT. There is an increase in lac-
tate dehydrogenase (LDH) due to red cell lysis, but other liver
function tests are normal unless there is associated liver or bil-
iary tract disease. TheDAT is positive, commonlywith IgG alone
(mainly IgG1 and IgG3 subclasses) or with IgG and complement
(the latter pattern commonly seen in SLE). Autoantibody in the
serum may show specificity within the Rh system (e.g. auto-
anti-e), but in most cases is pan-reactive with all red blood cells.
The autoantibody reacts at 37 ◦C. In very rare cases, the amount
of antibody remaining on the red cell surface is insufficient to be
detected by the conventional DAT.
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Figure 9.1 Warm autoimmune haemolytic anaemia. Blood film
showing spherocytosis (arrows), polychromasia and a nucleated
red blood cell (×40).

Idiopathic warmAIHA
Idiopathic warm AIHA with no underlying cause or associated
disorder accounts for approximately 30%of patientswith aDAT-
positive haemolytic anaemia. It may occur at any age; peak inci-
dence occurs in infancy and early childhood with a second rise
during the third decade and themajority of cases occurring after
the fifth decade. In infancy, the onset is often acute, typically pre-
cipitated by infection and transient. However, anaemia may be
profound and difficult to control. There is amale preponderance
in the childhood setting in contrast to females in adult cases. IgG
antibodies can be transferred from an affected mother across
the placenta, producing haemolysis in the newborn. A careful
drug history should be taken in all cases to exclude haemoly-
sis induced by drugs or by chemical exposure. In girls, AIHA
may precede clinical or immunological evidence of SLE which
should not be excluded on account of initial negative serology.
Clinical presentation may vary from gradual onset of symp-
tomatic anaemia to an acute, fulminating and life-threatening
haemolytic process. Systemic symptoms include pallor, jaun-
dice and mild splenomegaly (1.5–5 times normal size). Marked
splenomegaly suggests a secondary cause.

Evans syndrome
Evans syndrome is defined as the combination of AIHA and
immune thrombocytopenia (ITP) in the absence of any under-
lying disorder. The onset of thrombocytopenia may coincide
with haemolysis or may arise separately. The platelet and red cell
antibodies are distinct and do not cross-react. Rarely, episodes of
immune neutropenia or pancytopenia have also been described
in association with a positive DAT. The diagnosis is important
because there appears to be a higher incidence in these cases of
underlying conditions including immunodeficiency or autoim-
mune lymphoproliferative disease (ALPS) in children and of
SLE or T-cell lymphoma in adults. Typically, the condition

runs a chronic course characterized by relapses and remissions.
Management is as for warm AIHA or ITP (Chapter 42), but
patients with Evans syndrome tend to be more resistant to
initial therapy with steroids. Second-line therapeutic options
include immunosuppressive drugs such as vincristine, danazol,
ciclosporin and mycophenolate mofetil as single agents or in
combination regimens. Response to splenectomy is inferior
in comparison with cases of uncomplicated ITP. The mono-
clonal anti-CD20 antibody, rituximab, has produced significant
remission rates of both cytopenias in children and adults with
steroid-refractory cases. Stem cell transplantation offers the only
hope of cure in severe, refractory patients, but unfortunately
carries a significant risk of transplant-related morbidity and
mortality.

WarmAIHA associated with other autoimmune diseases
This is not uncommon and is well described in patients with
SLE, especially in young women, and in other autoimmune or
presumed autoimmune diseases, notably rheumatoid arthritis,
Sjögren syndrome and ulcerative colitis.WarmAIHA is also part
of the spectrum of autoimmune diseases associated with agam-
maglobulinaemia. Autoantibodies are usually IgG, and both IgG
and C3d are found on the red cell surface. Occasionally, the
DAT may be positive because of immune complexes adsorbed
onto the red cell surface. The spleen is important for clearing
such coated cells and splenectomy should be avoided if possible.
Otherwise, treatment is as for idiopathic AIHA (see below).

Lymphoproliferative diseases
Lymphoproliferative diseases, including B-cell chronic lympho-
cytic leukaemia (CLL), low-grade B-cell non-Hodgkin lym-
phoma and Hodgkin lymphoma are well described in associ-
ation with cases of warm AIHA. The AIHA may precede the
diagnosis of lymphoma by months or years, may occur simul-
taneously with onset of the LPD or occur afterwards. Antibody
response is thought to be due to immune dysregulation rather
than direct production by the malignant clone. Antibodies are
polyclonal and have no distinct pattern of type or specificity.
Refractory autoimmune cytopenias are also well described fol-
lowing the use of therapeutic agents for LPDs including fludara-
bine and alemtuzumab, probably the result of their powerful
effect on the immune system.

Drug-related warmAIHA
Drug-related warm AIHA caused by antibodies directed against
self-antigens has been reported in the literature over many years
including agents such as mefenamic acid, levodopa and pro-
cainamide. The mechanism by which AIHA is produced by
exposure to drugs is not known; however, alteration of the red
cell membrane or modulation of the immune response by the
drug have been suggested. Treatment of CLL with fludarabine
and other purine analogues may provoke a very severe and
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life-threatening AIHA and, less commonly, other autoimmune
cytopenias. With fludarabine, the mechanism is thought to be
related to a decrease in auto-regulatory T cells.

Carcinoma-related warmAIHA
Carcinoma-related warm AIHA has been recorded with a num-
ber of malignancies, but it remains unclear whether there is a
true association between the tumour and onset of haemolysis.
Reports exist in patients with ovarian cysts where the cystic fluid
has been found to contain the agglutinin and in patients with
ovarian carcinoma.

Viral infections
Viral infections may precede warm AIHA in children, but rarely
in adults; the haemolysis is usually brisk, but self-limiting.
Hypotheses include alteration of the red cell membrane by the
virus, thereby generating ‘auto’ antibodies against altered anti-
gens or formation of antiviral antibodies that cross-react with
membrane antigens. A third possibility involves the formation
of immune complexes between the virus and specific antibodies,
which are secondarily adsorbed onto the red cell surface, leading
to immune destruction.

Management
Treatment is not evidence based, with only one reported ran-
domized study, a few prospective Phase II trials and small case
series reported in the literature.

Supportive therapy
Blood transfusionmust be given if the clinical situation demands
it, if the haemoglobin continues to fall or heart failure devel-
ops, despite the impossibility of achieving a satisfactory cross-
match in the presence of a positive DAT. The least incom-
patible grouped blood should be used and transfused slowly.
Some authors recommend the use of blood lacking antigens to
which the autoantibodies react, but others point out that speci-
ficity is rarely absolute and that there is a risk of provoking an
alloantibody response. Intravenous immunoglobulin (IVIg) has
been used in AIHA, particularly when IgG is the main com-
ponent on the red cell surface. The dose used is the same as
for ITP, 0.4 mg/kg daily for 5 days or 1 g/kg daily for 2 days.
AIHA responds less frequently to IVIg than does ITP. Side-
effects include headache, fever–chill reactions and a small but
present risk of viral transmission. Folic acid supplements should
be given to all patients with chronic haemolysis.

First-line treatment
Corticosteroids are effective in warm AIHA; prednisolone is
given at a dose of 1–2 mg/kg body weight once daily for 10–
14 days. In patients who respond, the dose should be reduced
steadily using laboratory tests, includingHb and LDHas a guide.
It is important not to stop steroids too quickly as this may result

in relapse. About 70–80% of patients improve their Hb initially,
but only 30% maintain this response long term. Response rates
may be improved when steroids are used in combination with
rituximab, a chimericmurine–humanmonoclonal antibody that
binds to the CD20 antigen on B cells and immature plasma cells.
A randomized controlled study reported improved responses in
70% of patients in the combination arm, compared to 40% in the
steroid-only group at 1 year.

Second-line treatment
Splenectomy is usually considered if there is no response after
3 months’ trial of corticosteroids. Patients with predominantly
IgG on the red cell surface respond best, and those with comple-
ment respond poorly. Of a selected group of patients, about 30%
achieve a complete remission and do not require steroids, 30%
have a significantly reduced steroid requirement and the remain-
der show no or only transient response. There is no certain
way to determine clinical response to splenectomy. There is an
increased risk of overwhelming sepsis after splenectomy, there-
fore all patients should receive pneumococcal, meningococcal
and Haemophilus influenzae B vaccination at least 2 weeks
before the procedure, and prophylactic penicillin indefinitely.
The complications of splenectomy are dealt with in more detail
in Chapter 17.
Monoclonal antibody therapy has been introduced with

variable success in warm AIHA. Rituximab has been shown to
be effective in idiopathic and secondary warm AIHA as well as
in cold agglutinin disease. It is usually given at the standard dose
and treatment schedule as for CLL of 375 mg/m2 i.v. weekly
for 4 weeks, however recent studies suggest that a lower dose
(100 mg/m2) may be as effective. Response has been shown
in patients who are steroid-refractory and who have received
multiple treatment modalities, and some patients who relapse
after rituximab have been found to respond to retreatment.
Overall response rates of 45–90% have been reported, with
durable responses of up to 3 years in patients of all ages. The
emergence of rituximab therapy as an effective alternative treat-
ment for AIHA has led to a trend towards delaying splenectomy
as an option for more resistant/refractory cases. Immediate side
effects are minimal and mainly infusion related. Longer-term
concerns are related to the fact that rituximab causes a rapid
depletion of CD20-expressing B cell precursors and mature B
cells which remain at undetectable or at very low levels for up to
1 year post-therapy. Significant B-cell depletion causes
hypogammaglobulinaemia and prolonged immunosuppres-
sion, exposing patients to increased risk of severe infections
such as hepatitis B, cytomegalovirus reactivation and multifocal
leucoencephalopathy, a rare and usually fatal condition caused
by uncontrolled activation of the JC virus. Results with alem-
tuzumab (Campath 1H), the anti-CD52 antibody have been
disappointing; however, newer agents such as ofatumumab,
an anti-D20 monoclonal antibody with enhanced Fc effector
function may be more promising.
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Table 9.2 Serological characteristics of cold-acting antibodies in the cold agglutinin syndromes.

Antibody characteristics

Disorder Specificity Clonality and subtype

Primary Idiopathic (CHAD) Anti-I Monoclonal IgM κ
Rarely Anti-P Monoclonal

Secondary Lymphoproliferative disease Anti-I Monoclonal IgM κ/λ (IgG)
Rarely Anti-I Monoclonal

Mycoplasma pneumoniae Anti-I Polyclonal
Infectious mononucleosis Anti-I Polyclonal

Anti-i

Paroxysmal cold haemoglobinuria Anti-P
Donath–Landsteiner (biphasic)

Polyclonal IgG

CHAD, cold haemagglutinin disease.

Third-line treatment
Treatment with cytotoxic immunosuppressive drugs is reserved
for steroid-refractory patients, for relapse following steroidwith-
drawal and non-response to splenectomy. The mechanism of
action of these agents is relatively non-selective, resulting in sig-
nificant systemic toxicity, including bone marrow suppression,
renal toxicity and the potential long-term risk of malignancy. It
should be emphasized that there are no controlled trials to prove
the worth of cytotoxic drugs in AIHA, but there are small case
reports of success with each agent. Response to these drugs is
not usually seen for 4–6 weeks and they should be continued for
at least 3 months before being deemed ineffective.
On its own, azathioprine is largely ineffective; however, it can

have significant steroid-sparing action at a dose of 1.5–2.0mg/kg
daily. Danazol has been used, both in combination with cor-
ticosteroids as a first-line treatment and in the refractory set-
ting, with mixed results in AIHA. Other effective agents include
cyclophosphamide 1.5–2.0mg/kg daily and ciclosporin, starting
at 5 mg/kg daily in two divided doses to achieve trough plasma
levels of 100–200 mg/L. There are small case reports of the use
of mycophenolate mofetil, an immunosuppressive agent, and of
vincristine, a cytotoxic agent with powerful antitumor effect,
with some success in severe refractory AIHA.

Prognosis
Prognosis depends on a number of variables, including age,
associated diseases and severity of haemolysis. AIHA can be a
serious and potentially life-threatening disease with reported
estimates of mortality of idiopathic AIHA in adults of 10% at
5 years to 40% at 7 years. Increased mortality typically occurs in
patients over 50 yearswith deaths in the first 2 years after diagno-
sis usually related to underlying clinical disorders or treatment
side-effects. Most children with AIHA recover completely, and
mortality is much lower, probably about 5%. Treatment-related

side-effects, particularly prolonged high-dose steroid therapy,
can result in considerable morbidity.

Cold-type autoimmune haemolytic anaemias

The clinical features of the cold haemagglutinin syndromes vary
with the pathogenesis of the disorder. Serological tests are use-
ful in identifying the cause and in determining treatment. The
serological characteristics of the antibodies found in these syn-
dromes are shown in Table 9.2.

Clinical features
Idiopathic cold haemagglutinin disease
Idiopathic cold haemagglutinin disease (CHAD) is a relatively
uncommon disorder accounting for only 15% of AIHA; it occurs
mainly in the elderly and typically runs a chronic course. CHAD
is mostly benign, but the clinical features can be very disabling
and distressing. Purplish skin discoloration, maximal over the
extremities (acrocyanosis), may be present in cold weather.
Acrocyanosis is due to stasis in the peripheral circulation sec-
ondary to red cell agglutination. On warming the skin, the
colour returns to normal or there is transient erythema, thus dis-
tinguishing acrocyanosis fromRaynaud’s syndrome.Haemolysis
results in anaemia and the patient may be mildly icteric. Occa-
sionally, haemolysis dominates the clinical picture, depending
on the ability of the antibody to activate complement on the
red cell surface. The cold agglutinins are monoclonal IgM κ,
with heavy chain variable regions encoded by the IGHV4–34
gene segment, but serum electrophoresis may not reveal a mon-
oclonal band because the concentration of the protein is too
low. Traditionally defined by the absence of an underlying disor-
der, recent studies using sensitive tests including flow-cytometry
and immunohistochemical assessments have demonstrated a
monoclonalCD20-positive κ-positive B-lymphocyte population
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Figure 9.2 Cold haemagglutinin disease. Blood film showing gross
haemagglutination (×20).

in the bone marrow of 90% of patients with CHAD. In addi-
tion, lymphoplasmacytic lymphomas are frequently associated
with CHAD; therefore some authorities consider CHAD a pre-
malignant B-cell disorder that becomes clinically overt due to
the specificity of the antibody for red cell surface antigens.
In the laboratory, spontaneous agglutination of red cells is fre-

quently observed, both macroscopically and on the peripheral
blood film ifmade at room temperature (Figure 9.2). Automated
blood cell counters detect agglutinates and record erroneously
high mean corpuscular volume and low Hb values, unless the
sample is tested at 37 ◦C. DAT is positive with only C3d on the
red cell surface; IgM cold agglutinins are not detected because
they elute from the cell surface in vitro. They are usually anti-I,
although anti-Pr, anti-P and other rarer specificities have been
described.
B-cell lymphoproliferative disorders may precede or accom-

pany CHAD. In these cases, the antibody is monoclonal and a
product of the malignant clone. Serological specificity is either
anti-I or anti-i. Haemolysis is often more troublesome than
symptoms of agglutination. The prognosis is usually that of the
underlying lymphoproliferative disease.

Infections
Infections, almost always M. pneumoniae, or infectious
mononucleosis, may be followed by haemolysis due to cold
agglutinins. Rare cases following Listeria or Toxoplasma
infections have also been reported. The antibodies are mostly
polyclonal IgM in type, but occasional IgG cold antibodies are
found. The antibodies develop in response to the infectious
organism and cross-react with red cell antigens; haemolysis
occurs 2–3 weeks after the infection and is usually mild and
self-limiting. Acute and potentially fatal episodes of intravas-
cular haemolysis have been reported in association with M.
pneumoniae infection. Urgent blood transfusion through a
blood warmer may be required.

Management
Management of cold haemagglutinin syndromes is difficult.

Supportive therapy
All patients should avoid exposure to cold; the use of electri-
cally heated gloves and socks should be encouraged in the win-
ter months. Patients should be nursed in a warm environment,
preferably at 37 ◦Cand kept warmusing a number of techniques,
including special blankets during surgical procedures. Folic acid
supplements should be given to patients with chronic haemol-
ysis. Blood transfusions should be given with due regard to the
difficulty in cross-matching in the presence of cold haemagglu-
tinins. Blood should be given through an in-line blood warmer.
Plasma exchange (therapeutic apheresis) can be used to control
severe symptoms by temporarily lowering the titre of cold agglu-
tinins, but it has no effect on the underlying disease.

Definitive treatment
Unlike warm-type AIHA, corticosteroids are rarely of use in
CHAD and should only be used in exceptional circumstances
when antibodies are present in low titres and have a high thermal
range. Alkylating agents such as chlorambucil can be effective
in reducing antibody production in the context of an underly-
ing B-cell neoplasm such as CLL. Intermittent regimens such as
10 mg/day for 14 days every 4 weeks or continuous treatment
of 2–4 mg/day are both effective. Long-term treatment carries
the risk of bone marrow suppression and the development of
secondary haematological malignancies. Purine analogues such
as cladribine and interferon-α (IFN-α) have been tried without
significant success in CHAD. Rituximab, the anti-CD20 mono-
clonal antibody used with success in warmAIHA and in ITP has
also been shown to be effective in idiopathic CHAD and in cold
agglutinin syndromes associated with LPD. Response rates of up
to 50% have been reported in Phase II studies, but with short
duration of only 11months. Longer response is seen with a com-
bination of rituximabwith fludarabine, with remission in 75% of
patients and median duration of over 66 months. However, sig-
nificant side-effects including grade 3–4 neutropenia makes this
regimen unsuitable for elderly patients. Splenectomy is ineffec-
tive as the red cells are coated with C3b and destruction occurs
mainly in the liver.

Paroxysmal cold haemoglobinuria (PCH)
This rare syndrome occurs in children following acute viral
infections or childhood immunisations. A history of cold expo-
sure is not always present and presentation is acute with sig-
nificant intravascular haemolysis resulting in pallor, dark urine
(haemoglobinuria), abdominal pain and sometimes collapse.
The original cases were described by Donath, Landsteiner and
Ehrlich in congenital and tertiary syphilis. The cold antibody is
a biphasic polyclonal IgG antibody (Donath–Landsteiner anti-
body) that reacts with the P antigen on red cells below 20 ◦C
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in the peripheral circulation, with subsequent lysis by comple-
ment activation on rewarming to 37 ◦C in the central vessels.
Treatment involves strict avoidance of cold and keeping the
patient warm, preferably at an ambient temperature of 37 ◦C
until haemolysis, which is usually self-limiting, subsides. This
is usually sufficient, but on rare occasions, brisk haemolysis
causing symptomatic anaemia occurs and blood transfusion is
required. The P antigen is a high incidence antigen and there-
fore most blood donors are P positive, and obtaining compatible
P negative or pp donor red blood cells for transfusion is difficult.
Despite this in-vitro serologic incompatibility, there are several
case reports of successful transfusion of P positive red cells to
patients with PCHwho achieve a rise inHb level without precip-
itation of further haemolysis. In emergency cases associatedwith
symptomatic anaemia despite supportive measures, transfusion
of ABO- and Rh-compatible P-positive blood should be used. It
is important that the blood is transfused using a blood warmer
or where this is not available, that the patient is kept warm and
transfused slowly.

Alloimmune haemolytic anaemia

Drug-induced immune haemolytic anaemia
Antibody-induced haemolytic anaemia caused by drugs is rare
but, when it occurs, it can result in acute, brisk and potentially
life-threatening haemolysis. Drugs typically have a molecular
weight that is too low to be immunogenic (hapten), unless they
are conjugated with a larger carrier molecule such as a protein,
which then allows them to elicit an immune response. The diag-
nosis of drug-induced immune haemolytic anaemia should be
made in three stages: (i) diagnosis of a DAT-positive haemolytic
anaemia, (ii) careful drug history and (iii) serological demon-
stration of drug-specific antibody, which interacts with red cells.

Pathogenesis
Four main mechanisms have been proposed for how drugs
induce antibody-dependent haemolytic anaemia; however, the
same drug at different doses or repeated usage may activate dif-
ferent mechanisms and there are recent suggestions that mem-
brane modification may underlie most of the mechanisms.

Drug adsorption and extravascular haemolysis
Penicillin is the prototype drug, although other penicillin
derivatives and cephalosporins have also been implicated. These
drugs form hapten–carrier complexes with plasma proteins
enhancing drug-specific antibody production such that an esti-
mated 90% of individuals receiving penicillin will produce clin-
ically insignificant IgM antipenicillin antibodies. When high-
dose intravenous penicillin is administered, the drug is adsorbed
onto the red cell surface and becomes non-specifically attached
to cell-surface proteins. A minority of patients on high-dose
intravenous penicillin therapy (>l million units daily) develop
high-titre IgG antipenicillin antibodies that attach to the drug

bound to the red cell surface causing predominantly extravascu-
lar haemolysis. Typically, mild to moderate haemolysis occurs,
but if unrecognized and large doses of drug are continued in the
presence of increasing antibody levels, complement fixation and
acute intravascular haemolysis may occur. The DAT, due to IgG
on the red cell surface becomes positive some weeks following
treatment. When the drug is stopped, haemolysis stops and the
DAT rapidly becomes negative. Antibody in the patient’s serum
or eluate from the red cells will react with normal red cells only
in the presence of the drug. The clinical and serological features
are shown in Table 9.3.

Immune complex and complement-activated acute intravascu-
lar haemolysis
Several drugs have been reported to cause immune haemolytic
anaemia by this mechanism. Most frequently reported are
rifampicin, phenacetin, quinine, quinidine, hydrochloro-
thiazide, chlorpropamide and, more recently, intravenous
cephalosporins and diclofenac (see below). Hapten–carrier
complexes are formed between these drugs and plasma pro-
teins, leading to the production of drug-specific antibodies.
Once drug antibodies are present, reintroduction of the drug
causes formation of immune complexes that are adsorbed onto
the red cell membrane and activated complement. Classically,
haemolysis occurs on the second or subsequent exposure
to the drug and may develop within minutes or hours of
drug ingestion. Severe intravascular haemolysis may occur
with fever, rigors and, in extreme cases, acute renal failure.
Several groups have reported fatal immune haemolysis with
the third-generation cephalosporin, ceftriaxone, whilst others
from the same group such as cefotaxime and ceftazidime have
also been implicated. There are far fewer reports with the
second-generation cephalosporins. Diclofenac can cause an
immune haemolytic anaemia with intravascular haemolysis,
thought to be mediated by both immune complex and drug
adsorption mechanisms.

Membrane modification
Cephalosporin, in addition to the drug adsorption mechanism,
can cause a positive DAT by modifying red cell membrane
components. By this mechanism, a variety of plasma proteins,
including immunoglobulin and complement may attach via a
non-immune mechanism to the red cell membrane, resulting in
a positive DAT, but rarely causing haemolysis. Cisplatin, carbo-
platin and ribavirin in combinationwith interferon-α (IFN-α) or
with pegylated IFN-α can all cause haemolytic anaemia bymem-
brane modification. Ribavirin enters cells, is phosphorylated to
ribavirin triphosphate and hydrolysed back to ribavirin in nucle-
ated cells, which leaves the cells as the serum level declines.
Red cells lack hydrolyzing enzymes so the triphosphate accumu-
lates, alters the membrane and extravascular haemolysis occurs.
With Ribavirin monotherapy, haemolysis may be compensated
by increased marrow activity, but in combination with IFN-α,
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Table 9.3 Drug-induced immune haemolytic anaemias: clinical and serological features.

Drug adsorption
mechanism

Immune complex
mechanism

Autoimmune
mechanism

Membrane modification
mechanism

Examples Penicillin Third-generation cephalosporins Methyldopa Cephalosporins
Cephalosporins Quinidine Procainamide Cisplatin

Diclofenac Mefenamic acid Carboplatin
Fludarabine∗

Cladribine∗

Dose/duration Large therapeutic
doses/prolonged

Very low dose on second or
subsequent exposure/short

Therapeutic about
6 weeks

Therapeutic

Haemolysis Extravascular Intravascular Extravascular Rare
Subacute Acute Mild/subacute

DAT IgG ± C′3 C′3 only IgG only IgG

Serum reaction To drug-treated cells Only in presence of drug or
metabolite

To normal cells To drug-treated cells

Eluate reaction To drug-treated cells Non-reactive To normal cells To drug-treated cells

∗May change T-cell regulation.

bone marrow suppression by the latter agent inhibits the com-
pensatory response. In this setting, management involves dose
reduction (<800 mg/day) or supportive therapy with recombi-
nant erythropoietin (EPO), which may allow continuation of
therapy in 10–30% of patients.

Autoimmune mechanism
Methyldopa was the paradigmatic drug in drug-induced AIHA.
There was a delay of some 6 weeks before the DAT became
strongly positive due to IgG on the red cell surface. Haemolysis
was absent or trivial, although this is not true with some other
drugs that produce haemolysis by this route, notably mefenamic
acid (Ponstan). The antibodies usually show no Rh specificity
when tested against Rhnull cells. It is important to note that some
drugs produce haemolysis by both the immune complex and
autoimmune mechanisms, depending on the circumstances.

Diagnosis and treatment of drug-induced immune
haemolytic anaemia
Patients present with clinical signs and symptoms similar to
any other immune haemolytic anaemia; with acute haemolysis
soon after receiving the drug or a mild haemolysis months after
receiving the putative drug, e.g. methyldopa-induced haemol-
ysis. Patients will usually have received the drugs previously
without any clinical problem. The DAT is typically positive, but
may be negative if performed immediately after a brisk episode
of haemolysis or after transfusion. When haemolysis is depen-
dent on drug adsorption and membrane modification mecha-
nisms, the DAT is usually positive with IgG1, or IgG and C3
and the red cell eluate and serum do not react against normal or

enzyme-modified red cells. The warm-reacting drug-specific
antibodies in the eluate will only react to red cells that have been
preincubated with the appropriate drug. The DAT is also posi-
tive where drug-induced haemolysis occurred via the immune
complex mechanism. The red cell eluate here is not reactive
in the presence of the drug and the drug-specific antibody is
best detected by preincubating the patient’s serumwith the drug
in solution to allow immune complexes to form. The preincu-
bated serum is then tested against normal and enzyme-modified
groups of cells in the presence of fresh complement. In some
cases the antibodies may be specific for metabolites rather than
for the parent drug. Drugmetabolite antibodiesmay be detected
by preincubating drug metabolite obtained from the serum or
urine of a volunteer (who has taken the drug) with the patient’s
serum. A simplified summary of the serological investigation of
a patient with suspected drug-induced immune haemolysis is
shown in Table 9.3. The mainstay and often only required treat-
ment is to stop the suspect drug and to consider transfusion
where clinically indicated.

Alloimmune haemolytic anaemia with anti-D
Severe, acute intravascular haemolysis has been reported in
some patients, 1–24 hours following treatment with a number
of intravenous anti-D immunoglobulin preparations, which
have been licensed for treatment of ITP in unsplenectomized
RhD-positive patients. In this setting, higher doses are used
than for prevention of haemolytic disease of the newborn.
The mechanism of action is thought to be inhibition of platelet
destruction by the spleen due to phagocytosis of coated red cells.
Intravascular haemolysis may lead to oliguria, disseminated
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Table 9.4 Non-immune acquired haemolytic anaemias.

Cause Mechanisms Examples

Infections Intracellular organisms Falciparum malaria
Babesiosis
Bartonella

Endotoxin-induced DIC Meningococcal sepsis
Pneumococcal sepsis
Gram-negative sepsis

Haemophagocytic syndromes Atypical mycobacterial infections
HIV
Viruses

Enzyme toxins Clostridium perfringens
Snake, spider bites

Chemical and physical agents Oxidative damage Drugs
Industrial/domestic substances

Heat Burns

Osmotic lysis (fresh water), dehydration
of red cells (salt water)

Drowning

Enzyme inhibition Lead poisoning
Copper (Wilson’s disease)

Fragmentation (mechanical) Lysis on prosthetic surfaces Cardiac haemolysis
Perivalvular leak

Vasculitis, endothelial cell swelling,
fibrin shear

Microangiopathic haemolytic anaemia
March haemoglobinuria

Acquired membrane disorders Lipid or cholesterol changes Liver disease
Somatic mutation Paroxysmal nocturnal haemoglobinuria (PNH)

DIC, disseminated intravascular coagulation.

intravascular coagulation (DIC) and a number of deaths have
been reported. The reaction is similar to that seen following
mismatched transfusion reactions (see Chapter 13), but so far
no culpable antibodies other than anti-D have been detected in
different batches of the anti-D preparations tested. The reaction
does not happen at the doses used to prevent Rh sensitization in
pregnancy.

Non-immune acquired haemolytic
anaemias

Haemolysis and haemolytic anaemia may be the consequence
of a wide variety of acquired conditions that do not lend them-
selves to a precise and logical classification. Classification tends
to be based on causes rather than mechanisms, although there
are some common pathogeneticmechanisms that lead to red cell
destruction. The main groups of agents causing haemolysis are
infections, vascular disorders (mechanical disorders), chemical

and physical agents, and disorders affecting the red cell mem-
brane. A classification is shown in Table 9.4.

Infections causing haemolytic anaemia

A variety of infections may produce haemolysis through sev-
eral different pathways. Haemolysis may be a consequence of
direct invasion of the red cell by a microorganism or may arise
from alterations in the microcirculation, leading to mechani-
cal haemolysis. The intracellular organisms tend to produce the
more severe haemolysis.

Malaria
Some degree of haemolysis is seen in all types of malarial
infection, but the most severe abnormalities are found in Plas-
modium falciparum infection (Figure 9.3; Chapter 49). Plas-
modium falciparum infection is one of the most common
causes of anaemia in the world. Many factors may contribute to
the anaemia, including marrow suppression, dyserythropoiesis,
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Figure 9.3 Falciparum malaria infection (Giemsa × 100) (Source:
Dr Robin Ireland. Reproduced with permission).

folate deficiency, hypersplenism and red cell sequestration, as
well as haemolysis. The condition has two main components:
extravascular destruction of parasitized cells in the reticulo-
endothelial system, particularly the spleen, and intravascular
lysis when the sporozoites break out of the red cells into the
circulation. In most patients, the systemic symptoms of malaria
dominate the clinical picture, but occasionally, acute intravascu-
lar haemolysis is the presenting problem. Haemolysis in malaria
is often associated with a positive DAT.

Blackwater fever
This is an uncommon, but well described and feared, complica-
tion of falciparum malaria with an acute and potentially fatal
episode of intravascular haemolysis leading to the passing of
black or dark-red urine (see also Chapter 49). Occurring after
a few days of malaria fever, the patient presents with further
fever and rigors, loin pain and appearance of black urine. Acute
hypovolaemia and hypotension may result in oliguric renal fail-
ure if not promptly managed and in some cases, pulmonary
and cerebral symptoms may develop. Blackwater fever was first
described in the Caucasian population, most of whom had been
treated with quinine and it was thought that this was a drug-
induced complication. The condition has since been reported in
all ethnic populations in endemic areas and does not seem to
be confined to non-immune individuals. In indigenous popu-
lations, glucose-6-phosphate dehydrogenase (G6PD) deficiency
may play a part in the pathogenesis in addition to quinine expo-
sure. The spread of chloroquine-resistant malaria in the Far East
led to increased use of quinine and subsequently, to an increase
in the incidence of blackwater fever.

The degree of parasitaemia is very variable. In about half the
cases, the parasite count may be high, whereas in others the
count may be low, perhaps following the intense intravascular
haemolysis. The red cell count may fall to 1 × 1012/L within
24 hours of the start of the haemoglobinuria. There is usually
a rise in fibrin degradation products in the serum, but this rise
is not often marked and is compatible with a degree of renal fail-
ure. Intravascular coagulation does not seem to play amajor role
in the pathogenesis. Immediate treatment includes correction of
fluid and electrolyte loss, transfusion support and eradication
of the parasite. Renal dialysis may be required and it is impor-
tant to note that renal supportive therapy may need to continue
for a period of weeks before renal function returns. Subsequent
attacks of falciparum malaria may produce further episodes of
blackwater fevermaking adherence to prophylaxismandatory in
susceptible individuals.

Babesiosis
Infection with the intracellular protozoan Babesia is uncom-
mon and symptomatic disease is mostly confined to splenec-
tomized patients. Babesia is a tick-borne organism; the tick in
Europe, Ixodes ricinus, is associated with cattle, whilst in North
America, Ixodes dammini is carried by rodents and deer. Trans-
mission can also occur by blood transfusion. In splenectomized
patients, the disease has an acute onset and in the European
variety, can be fatal. A period of malaise for 1–3 days may be
followed by vomiting, diarrhoea, high fevers, rigors, jaundice,
acute intravascular haemolysis, haemoglobinuria, renal failure
and death. InNorthAmerica, unsplenectomized patients tend to
experience a milder self-limiting haemolytic anaemia. The diag-
nosis is made from identification of the parasites, very similar to
P. falciparum, within the red cells in the peripheral blood film.
A history of tick bite or of exposure to potential vectors should
be sought. Treatment is difficult. Clindamycin and quinine are
standard therapy, whilst red cell exchange transfusion and renal
support may be required in severely affected patients.

Bartonella (Oroya fever)
Bartonella bacilliformis is an arthropod-transmitted infection
found only in the western Andes of Peru and neighbouring
countries. The diagnosis is made from the peripheral blood
film. The organism is an intracellular gram-negative rod during
the acute attack, which becomes coccoid in recovery. In non-
immune individuals presentation is with anaemia, which occurs
partly through intravascular haemolysis and partly through
erythrophagocytosis as well as splenomegaly. The organism is
rapidly killed by chloramphenicol, tetracyclines, penicillin and
aminoglycosides.

Clostridium perfringens
Clostridium perfringens septicaemia causes an intense
intravascular haemolysis with prominent microspherocytosis
and ghost cells in the peripheral blood film. The spherocytosis
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is the result of membrane destruction by lipases and proteases
produced by the organism. Although the organism is sensitive
to a variety of antibiotics, the appearance of intravascular
haemolysis is usually a harbinger of death because of the
toxaemia.

Toxoplasmosis
Infection with Toxoplasma gondii acquired in utero may pro-
duce haemolysis and a syndrome similar to haemolytic disease
of the newborn. In adults, toxoplasmosis is not associated with
haemolysis, except perhaps in the immunocompromised host.

Bacterial infections
Intravascular coagulation produced by bacterial infection may
be accompanied by some degree of intravascular haemolysis
with fragmentation of red cells. Septicaemia from meningococ-
cal or pneumococcal infectionmay result in haemolysis, which is
not as clinically significant as the other effects of the septicaemia.

Haemorrhagic fevers
Haemorrhagic feversmay be accompanied by haemolysis. These
include Dengue fever, which is present worldwide; Yellow fever
and West African haemorrhagic fevers, which are mainly found
in Africa.

Haemophagocytic syndrome
Haemophagocytic syndrome (HPS) is characterized by pro-
liferation of macrophages in the bone marrow, spleen, liver
and lymph nodes which cause inappropriate phagocytosis of
erythroid precursors, granulocytes, platelets and in some varia-
tions, the skin. It has been reported in severe systemic infections
including cytomegalovirus, tuberculosis and some fungal infec-
tions (Chapter 14). Onset may be acute or subacute. Clinically,
patients present with malaise, persistent fever, anaemia, jaun-
dice, weight loss and there is laboratory evidence of pancytope-
nia, liver dysfunction and coagulopathy. The jaundice results
from the destruction of red cells and their precursors in themar-
row, spleen or liver and is associated with a marked rise in LDH.
There is a marked acute-phase response with greatly elevated
serum ferritin levels (>20 000 μg/L) and increases in interferon
(IFN)-γ and tumour necrosis factor (TNF)-α, with variable
changes in other cytokines. HPS is associated with abnormal
T-cell activation, which triggers the macrophage response and
may be the consequence of an underlying T-cell lymphoma or
a yet unmasked infection. Clinically, the distinction between
malignant- or infection-related HPS may be difficult because in
the lymphomas proliferation may be trivial, the syndrome being
derived from the release of cytokines, and because in malignant
HPS superadded infection is common. It may be impossible to
identify the underlying infection in infection-associated HPS.
As a general rule, infection-associated HPS tends to be more
common in children, whilst it ismore likely to be associatedwith
lymphomas in adults.

Fragmentation haemolysis: mechanical
haemolytic anaemias

Fragmentation haemolysis may occur in the presence of pros-
thetic materials, due to altered flow following cardiovascular
surgery, due to trapping or adherence of red cells in arteriove-
nousmalformations and as a result of the destruction of red cells
in pathologically altered small blood vessels (microangiopathic
haemolytic anaemia). Characteristic features of fragmentation
haemolysis are the appearance of the blood film (Figure 9.4)
and the presence of intravascular haemolysis. Depending on the
underlying vascular pathology, there may be a reduction in the
platelet count and evidence of DIC. The rate of red cell destruc-
tion also varies according to the pathogenesis, so the signs of
intravascular haemolysis vary from absence of haptoglobin, ele-
vated LDH and minimal haemosiderinuria to acute intravascu-
lar destruction with haemoglobinaemia and haemoglobinuria.
The major causes of fragmentation haemolysis are shown in
Table 9.5.

Haemolysis associated with cardiac surgery
Cardiac haemolytic anaemia was a term coined to describe
haemolysis following cardiac surgery that involved the insertion
of prosthetic valves, patches or grafts. Mechanical trauma to red
blood cells is the primary cause of haemolysis in this setting and
is mainly due to increased turbulent flow resulting in excessive
shearing forces on the surface of the red cells. Secondary physio-
logic mechanisms include pressure fluctuations, intrinsic abnor-
malities of the red cell membrane (largely due to fragile, iron-
poor red cells in iron-deficient patients), interactionwith foreign
surfaces and unfavourable flow characteristics of valves. Clinical

Figure 9.4 Microangiopathic haemolytic anaemia. Blood film
from a patient with carcinoma and bone marrow metastases. Note
fragmentation of red cells, low platelets and leucoerythroblastic
changes (circulating nucleated red cell and metamyelocyte)
suggestive of underlying disseminated intravascular coagulation
(×40).
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Table 9.5 Classification of anaemias caused by fragmentation
haemolysis.

Vascular origin Pathogenesis Platelets

Cardiac haemolysis Prosthetic heart valves Normal
Patches, grafts
Periprosthetic or
perivalvular leaks

Arteriovenous
malformations

Kasabach–Merritt
syndrome

Very low

Malignant haemangio-
endotheliomas

Microangiopathic
(see also Table 9.6)

TTP/HUS Low
Malignant disease Normal/low
Vasculitis Normal/low
Pre-eclampsia, HELLP Low
Renal vascular disorders Normal/low
Disseminated
intravascular
coagulation

Low

HELLP, haemolysis with elevated liver function tests and low platelets;
HUS, haemolytic–uraemic syndrome; TTP, thrombotic
thrombocytopenic purpura.

situations in which cardiac haemolysis may be of considerable
importance include:
� Periprosthetic or perivalvular following insertion or repair
of a heart valve, a leak occurs around the valve or through a
suture track, which may cause severe intravascular haemolysis
without haemodynamic distress. Laboratory diagnosis may be
difficult because red cell fragmentation may not be prominent
on the blood film, although spherocytes may be present. The
diagnosis is made by exclusion of an autoimmune haemolysis
in a patient who experiences intravascular haemolysis following
recent cardiac surgery. The haemolysis can only be cured by fur-
ther surgery.
� Ambulatory haemolysis occurs when a patient who has
undergone valve replacement shows evidence of mild haemol-
ysis while in hospital but experiences significant anaemia after
discharge. The higher cardiac output associated with greater
exercise following discharge from hospital produces greater tur-
bulence and results in red cell fragmentation. A similar mech-
anism may occur if the patient becomes iron deficient as a
result of chronic intravascular haemolysis. Iron replacement and
advice about slowly increasing exercise levels may prevent the
need for further surgery.
� Cardiopulmonary postperfusion syndrome: Acute intravas-
cular haemolysismay occur in patients who have undergone car-
diopulmonary bypass surgery. The haemolysis may be accom-
panied by neutropenia and pulmonary distress. The syndrome

does not strictly belong in this section as the haemolysis seems
to be caused by complement activation and binding of themem-
brane attack complex to the red cell surface. The blood film
shows ghost red cells rather than fragmentation. The condition
is self-limiting and the patient requires only supportive care.

Arteriovenous malformation
Fragmentation of red cells may be seen in Kasabach–Merritt
syndrome, in which platelets are trapped in the vascular net-
work of giant arteriovenousmalformations, sometimes with evi-
dence of a consumption coagulopathy. The bleeding disorder
that ensues is of greater significance than haemolysis in these
patients. A similar pattern is seen in malignant haemangioen-
dothelioma, in which the tumour invades and grows alongside
veins resulting in a consumptive coagulopathy with laboratory
evidence of DIC.

Microangiopathic haemolytic anaemias (MAHA)
A condition in which intravascular haemolysis with fragmen-
tation of red cells is caused by their destruction in an abnor-
mal microcirculation. Proof of microangiopathy may be lack-
ing in those not subjected to a post mortem, andMAHA should
be considered a clinical syndrome. The three main pathological
lesions that give rise to MAHA are deposition of fibrin strands,
often associated with DIC, platelet adherence and aggregation,
and vasculitis. The vessel abnormalities may be generalized or
confined to particular sites or organs. In most cases, haemolysis
is of less consequence than the underlying cause of the microan-
giopathy, but fragmentation of red cells helps to confirm the
diagnosis. Some of the disorders producing MAHA are given
in Table 9.6 and the more well-defined clinical syndromes are
described in detail here.

MAHA andmalignant disease
Fragmentation of red cells with chronic intravascular haemolysis
may occur in malignant disease. Clinically significant anaemia
may occur, especially when the tumour invades large blood
vessels, as occurs in haemangiopericytoma, but more com-
monly haemolysis is trivial or well compensated. Other malig-
nancies closely associated with MAHA include mucin-secreting
tumours and acute leukaemia, particularly, but not exclusively,
promyelocytic leukaemia, where acute intravascular coagula-
tion occurs and dominates the clinical picture. A blood film
showing evidence of MAHA together with leucoerythroblastic
changes is virtually diagnostic of malignant disease with sec-
ondary deposits in the bone marrow (Figure 9.4).

MAHA and infection
Infections, particularly septicaemia, may provoke intravascular
coagulation andMAHA.Generally, the coagulation changes and
septic shock overshadow the mild fragmentation, but, occasion-
ally, infections produce a chronic state of partially compensated
intravascular haemolysis and marked red cell fragmentation.
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Table 9.6 Causes of microangiopathic haemolytic anaemia.

Disease Microangiopathy

Haemolytic–uraemic
syndrome

Endothelial cell swelling,
microthrombi in renal
vessels

Thrombotic
thrombocytopenic purpura

Platelet plugs,
microaneurysms,
small-vessel thrombi

Renal cortical necrosis Necrotizing arteritis
Acute glomerular nephritis
Malignant hypertension
Pre-eclampsia Fibrinoid necrosis
HELLP
Polyarteritis nodosa Vasculitis
Wegener granulomatosis
Systemic lupus erythematosus
Homograft rejection Microthrombi in transplanted

organ
Mitomycin C Uncertain
Ciclosporin Renal vessel anomalies
Carcinomatosis Abnormal tumour vessels,

intravascular coagulation
(disseminated or localized)

Primary pulmonary
hypertension

Abnormal vasculature

Cavernous haemangioma
(Kasabach–Merritt)

Local vascular changes,
thrombosis

HELLP, haemolysis with elevated liver function tests and low platelets.

Haemolytic–uraemic syndrome (HUS) may be precipitated by
infection, particularly Escherichia coli 0157. HUS is discussed
in Chapter 44.

Thrombotic thrombocytopenic purpura
Thrombotic thrombocytopenic purpura (TTP) is an acute syn-
drome characterized by fever, neurological signs, haemolytic
anaemia with fragmented red cells and profound thrombocy-
topenia. There is severe deficiency of von Willebrand factor
cleaving protease (VWFCP; also known as ADAMTS13) to less
than 10% of normal activity due to formation of auto-antibodies
directed against it. The diagnosis is made on the basis of the
clinical presentation and evidence for haemolytic anaemia with
fragmented red cells and thrombocytopenia. It can be confirmed
with an assay which confirms low ADAMTS13 level. Bilirubin
and serum LDH are elevated, indicating intravascular haemoly-
sis. LDH and persistence of red cell fragments in the blood film
are useful markers for the microangiopathic process. It may take
up to 1 week after the haemolytic process stops for all fragments
to be removed from the circulation. The destruction of red cells

(a)

(b)

Figure 9.5 Thrombotic thrombocytopenic purpura. Microthrombi
in capillaries: (a) section from the myocardium; (b) thrombus in a
bone marrow capillary indicated by blue arrow (haemotoxylin and
eosin ×100) (Source: Dr Margaret Burke. Reproduced with
permission).

occurs at the site of intravascular occlusions; at post mortem,
platelet and fibrin plugs are found in capillaries (Figure 9.5). TTP
requires rapid diagnosis and urgent commencement of plasma-
pheresis, otherwise it is a potentially fatal condition. Increasingly
rituximab is used in patients with suboptimal response to stan-
dard therapy. This condition, including its pathophysiology, is
discussed in detail in Chapter 43.

March haemoglobinuria
Haemoglobinuria following running has been documented for
about 100 years. Its origin is mechanical, with destruction of
red cells occurring in the feet. It can be cured by wearing soft
shoes or running on soft ground. The disorder may arise in jog-
gers and is benign except that it may lead to extensive invasive
investigations unless recognized. The blood film does not show
any red cell fragmentation or consistent abnormality. Occasion-
ally, haemoglobinuria after running is accompanied by nausea,
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Table 9.7 Substances causing oxidative haemolysis and/or methaemoglobinaemia in normal people.

Substance Use Remarks

Dapsone Leprosy, dermatitis herpetiformis Chronic haemolysis; slow acetylators more
susceptible

Maloprim Antimalarial Methaemoglobinaemia in NADH
methaemoglobin reductase-depleted subjects

Sulfasalazine Ulcerative colitis Chronic intravascular haemolysis
Phenazopyridine Analgesic in urinary tract infections Methaemoglobinaemia
Menadiol Water-soluble vitamin K analogue Haemolysis/kernicterus in infants
Nitrites Fertilizer; present in well water, some vegetable juices Methaemoglobinaemia in infants
Nitrates Amyl nitrate, butyryl nitrite; abused recreationally Methaemoglobinaemia/haemolysis
Chlorate Weed-killer Acute intravascular haemolysis; renal failure;

>30 g fatal
Arsine Gas produced in smelting and other industrial processes Acute intravascular haemolysis; renal failure

abdominal cramps and aching legs, and enthusiastic athletes
with this conditionmay exhibitmild splenomegaly and jaundice.

Chemical and physical agents

Oxidative haemolysis
Oxidative substances may cause haemolysis in people with nor-
mal red cell metabolism and normal HbA if the oxidative stim-
ulus is large enough. The major causes of oxidative haemolysis
in normal subjects are shown in Table 9.7. The clinical features
of this condition are dependent on the main sites of oxidative
attack: whether on the membrane of the red cell (intravascular
haemolysis), the globin chains (Heinz body formation) or the
haem group (methaemoglobin accumulation).

Dapsone and sulfasalazine
Dapsone and sulfasalazine (Salazopyrin) will cause oxida-
tive intravascular haemolysis in normal subjects if taken in
sufficiently high dosage. Normal doses will cause significant
oxidative haemolysis when given to G6PD-deficient subjects
with leprosy. Blood film shows polychromasia, macrocytosis
and the classical ‘bite’ abnormality of the chemically damaged
cell (Figure 9.6). When used in the treatment of dermatitis her-
petiformis, a chronic blistering skin condition closely associated
with coeliac disease and functional hyposplenism, Heinz bodies
appear on the blood film. In contrast, Heinz bodies are absent
or scanty in the blood film of patients with an intact spleen.
Haemolysis is usually well compensated and there is no need to
stop the treatment unless the anaemia is severe.Methaemoglobi-
naemia is uncommon unless the patient is partially deficient
in NADH methaemoglobin reductase. The affected gene may
not be that rare which may account for cyanosis in a number
of individuals treated with dapsone-containing antimalarial
preparations.

Methaemoglobinaemia
Methaemoglobinaemia may be caused by nitrites in water and
by vegetable juices in infants with physiological impairment of
the reducing systems. Well-water that comes from land with
an excess of nitrites and which is used to reconstitute artificial
feeds has produced cyanosis in infants. Cases have also been
described following the enthusiastic feeding of juice from car-
rots grown on organically fertilized land and of spinach juice
(spinach has a high concentration of nitrogen-fixing bacteria
on its leaves). Nitrate drugs, for example amyl nitrate, also pro-
duce methaemoglobinaemia and have proved fatal when taken
in sufficiently high dosage for ‘recreational’ purposes. Water-
soluble analogues of vitamin K (menadiol sodium diphosphate)
cause haemolysis with or without methaemoglobinaemia in
infants and in-utero if given to the mother during the third
trimester. Fat-soluble vitamin K preparations must be used

Figure 9.6 Oxidative haemolysis caused by drug (phenacetin).
Note red cells with bite cells (blue arrow) and contracted
haemoglobin (red arrow).
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if required in these situations. Methaemoglobinaemia due to
oxidative drugs rarely causes problems with oxygen delivery, but
severe cases (>40%methaemoglobin)may be treated with intra-
venous methylene blue 1–2 mg/kg. Ascorbic acid by mouth may
also be used. These measures are ineffective in G6PD-deficient
patients and when very strong oxidant substances are impli-
cated. In these circumstances, methylene blue should be avoided
because it acts as an oxidant and makes the condition worse.
Methaemoglobinaemia following exposure to strong oxidiz-

ing substances may cause acute intravascular haemolysis and
renal failure. These substances are found mainly in industrial
or horticultural settings and include sodium chlorate, a popular
weed-killer, and arsine, a gas produced in various industrial sit-
uations such as dross removal in smelting procedures and drain
clearance where arsenic is a contaminant. Acute intravascular
haemolysis and haemoglobinuria develop 1–24 hours after
exposure, depending on the dose. The serum becomes brown,
often very dark, so that blood cells cannot be seen in anticoag-
ulated preparations, due to the presence of methaemalbumin,
methaemoglobin and free haemoglobin. Vomiting, abdominal
pain and oliguric renal failure usually develop over about
24 hours. The blood film shows microspherocytosis, ghost cells
and bizarre forms. Urgent treatment is required with plasma
exchange and renal dialysis being the mainstay of treatment,
however methylene blue is ineffective. Poisoning with arsine
is usually reversible with these measures. The management of
chlorate poisoning is more difficult with doses of 30 g or more
being fatal. Chlorate is mostly ingested deliberately in suicide
attempts.

Thermal injury
Normal red cells when heated in vitro to 46 ◦C for 1 hour show
no changes, however they show temperature- and duration-
dependent changes above 47–50 ◦C. Somehereditarymembrane
defects produce red cells that have increased thermal fragility
(see Chapter 8).

Severe burns
Severe burns may be accompanied by intravascular haemolysis
with haemoglobinuria. The intravascular haemolysis is related
to the extent and severity of the burns. The gross haemoglobin-
uria occurs over the first 24 hours after the burns and ceases
thereafter. The blood film shows spherocytosis and schistocytes,
the morphological abnormalities reflecting the thermal dam-
age and the amount of lysis. Prolonged anaemia after burning is
related to inflammation, occult blood loss and infection rather
than haemolysis.

Lead poisoning
Haemolysis is an important contributor to the anaemia associ-
ated with excessive lead exposure. Lead is a potent inhibitor of
pyrimidine 5′-nucleotidase 1 (P5N1). This is the prime mech-
anism of lead-induced haemolysis, producing the same gross

basophilic stippling of the red cells as seen in the inherited defi-
ciency of the enzyme (see Chapter 9), P5N1 activity is a good
surrogate marker for lead exposure.

Acquired disorders of the red cell membrane

The most common acquired disorder is paroxysmal noctur-
nal haemoglobinuria (PNH), caused by somatic mutation of
the phosphatidylinositol glycan A (PIGA) gene on the X chro-
mosome, which leads to failure to produce the glycosylphos-
phatidylinositol (GPI) anchor needed to transport and attach
many proteins to the red cell membrane. Intravascular haemol-
ysis occurs through the unchecked action of activated comple-
ment. PNH is described in detail in Chapter 11.
The mature red cell does not have the capacity to repair its

membrane. The lipids of the membrane are in equilibrium with
the lipids of the plasma and changes in the ratio of free choles-
terol to phospholipids in plasmamay affect red cell shape and, in
some instances, lead to haemolysis. This is most commonly seen
in liver disease, but other inherited lipid disorders may affect the
red cell secondarily.

Liver disease
Some degree of shortening of red cell survival occurs in most
cases of acute hepatitis, cirrhosis and Gilbert disease, but
anaemia is not present and there is only a slight rise in retic-
ulocytes. Biliary obstruction is associated with the appearance
of target cells and fulminant hepatitis with acanthocytosis, both
due to changes in plasma lipid composition.

Zieve’s syndrome
Zieve’s syndrome is an uncommon disorder seenmainly in alco-
holics. It comprises intravascular haemolysis and acute abdom-
inal pain in patients with jaundice and cirrhosis. The cause is
unknown, but is probably related to lipid changes in the blood.
Spherocytes are seen in the peripheral blood.

Wilson’s disease
Wilson’s disease may present as acute intravascular haemolysis.
This is probably not a membrane disorder, but is consequent on
the high levels of copper ions in the blood. The haemolysis may
antedate development of hepatic or neurological features, but
Kayser–Fleischer rings are usually present. The blood film may
show spherocytosis. The diagnosis is made once the condition is
suspected. Apart from caeruloplasmin deficiency, patients have
a specific aminoaciduria.

Hereditary acanthocytosis
(abetalipoproteinaemia)
This rare inherited deficiency of low-density lipoproteins is
characterized by retinitis pigmentosa, steatorrhoea, ataxia and
mental retardation. The haemolysis that occurs is of minor
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importance to such patients, but the blood filmmay indicate the
diagnosis, with the red cells showing marked acanthocytosis.

Vitamin E deficiency
Deficiency of vitamin E may occur in premature and other
infants who are fed a commercial formula that is rich in polyun-
saturated fatty acids. Vitamin E is an antioxidant and oxidative
damage to the red cell membrane is thought to be the cause of
the haemolysis. Clinically, generalized oedema associated with
haemolytic anaemia is reported in association with low levels of
vitamin E in premature infants aged between 4–8weeks. There is
laboratory evidence of haemolysis with contracted red cells and
a thrombocytosis, all of which are corrected following adequate
vitamin E replacement therapy.
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10Inherited aplastic anaemia/bone
marrow failure syndromes
Inderjeet S Dokal
Barts and The London School of Medicine and Dentistry, Queen Mary University of London, Barts Health NHS Trust, London, UK

Introduction

A number of inherited (constitutional/genetic) disorders are
characterized by aplastic anaemia (AA)/bone marrow failure
(BMF), usually in association with one or more somatic abnor-
malities (Table 10.1). The features of some of these are summa-
rized in Table 10.2. The precise incidence/prevalence of these
remains unclear but, collectively, they represent approximately
20–30% of patients presenting with AA and constitute a sig-
nificant clinical burden, as many are associated with premature
mortality. The BMF may present at birth or at a variable time
thereafter, including in adulthood in some cases. The BMF may
involve all lineages or a single lineage; in some cases it may ini-
tially be associated with a single cytopenia and then progress to
pancytopenia. Scientifically, they constitute an important group
of diseases as advances in understanding the genetics of some of
these are not only unravelling their pathophysiology, but are also
providing important insights into normal haemopoiesis.
The two syndromes that are frequently associated with gen-

eralized BMF/AA are Fanconi anaemia (FA) and dyskerato-
sis congenita (DC). These two syndromes are now also two of
the best characterized, and are discussed in some detail in this
chapter (followed by sections on Shwachman–Diamond syn-
drome, Diamond–Blackfan anaemia, congenital dyserythropoi-
etic anaemia, congenital neutropenia, thrombocytopenia with
absent radii and congenital amegakaryocytic thrombocytope-
nia). This chapter discusses the clinical and genetic heterogene-
ity of these BMF syndromes, theirmanagement and their impact
on our understanding of the pathophysiology of more common
forms of ‘idiopathic aplastic anaemia’. Indeed, patients with both

FA and DC can sometimes present with AA alone as their ini-
tial manifestation and can thus pose a diagnostic/management
challenge.

Fanconi anaemia

Clinical features

Since the first description by Guido Fanconi in 1927, FA has
come to be recognized as an autosomal recessive (AR) disor-
der (X-linked in a rare subset) in which there is progressive
BMF and an increased predisposition to malignancy, especially
acutemyeloid leukaemia (AML).Most, but not all, affected indi-
viduals also have one or more somatic abnormalities, includ-
ing skin (café-au-lait spots), skeletal (absent thumbs, radial
hypoplasia, scoliosis), genitourinary (underdeveloped gonads,
horseshoe kidneys), gastrointestinal, cardiac and neurological
anomalies (Table 10.3). Some of these somatic abnormalities are
shown in Figure 10.1. The course of the disease and the pat-
tern of somatic abnormalities show considerable variation, with
approximately one-third of patients having no physical abnor-
malities. This makes diagnosis based on clinical criteria alone
difficult and unreliable.
The cumulative incidence of BMF by the age of 40 years in

patients with FA is ∼90%. At birth, the blood count is usually
normal. Pancytopenia develops insidiously and presents inmost
cases between the ages of 5 and 10 years (median age 7 years).
However, in some cases the pancytopenia develops in adoles-
cence or even in adult life. The haemoglobin and platelet count
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Table 10.1 The inherited BMF syndromes.

Pancytopenia (usually associated with a global haemopoietic
defect)
Fanconi anaemia
Dyskeratosis congenita
Shwachman–Diamond syndrome
Reticular dysgenesis
Pearson syndrome
Familial aplastic anaemia (autosomal and X-linked forms)
Myelodysplasia
Non-haematological syndromes (Down, Dubowitz syndromes)

Single cytopenia (usually)
Anaemia
Diamond–Blackfan anaemia
Congenital dyserythropoietic anaemia

Neutropenia
Severe congenital neutropenia including Kostmann

syndrome
Thrombocytopenia
Congenital amegakaryocytic thrombocytopenia
Amegakaryocytic thrombocytopenia with absent radii

are usually first to fall; the granulocytes are usually well pre-
served in the early stages. As the pancytopenia develops, the
bonemarrow (BM) becomes progressively hypocellular. There is
often amarked increase inmacrophage activity with evidence of
haemophagocytosis. BMF, leading to fatal haemorrhage or infec-
tion, is the main cause of death. In an analysis of the Interna-
tional Fanconi Anaemia Registry (IFAR), the median survival

Table 10.3 Somatic abnormalities in FA.

Abnormality
Percentage
of patients

Skeletal (radial ray, vertebral, scoliosis, rib) 71
Skin pigmentation (café-au-lait, hyper- and
hypopigmentation)

64

Short stature 63
Eyes (microphthalmia) 38
Renal and urinary tract 34
Male genital 20
Mental retardation 16
Gastrointestinal (e.g. anorectal, duodenal atresia) 14
Heart 13
Hearing 11
Central nervous system (e.g. hydrocephalus,
septum pellucidum)

8

No abnormalities 30

Source: Auerbach et al. Fanconi anaemia. InThe Metabolic and
Molecular Basis of Inherited Disease, 2001. Adapted with permission of
McGraw-Hill.

time was 24 years; this is changing with improvements in clini-
cal care.
FA is associated with an increased risk of leukaemia and

other malignancies. The leukaemias are usually of the acute
myeloid type, particularly FAB types M4 and M5 (see Chap-
ter 20). In some cases, leukaemia may be the initial event
leading to the diagnosis of FA. The cumulative incidence of

Table 10.2 Characteristics of the BMF syndromes.

FA DC SDS DBA CDA TAR SCN IAA Other#

Inheritance pattern AR, XLR XLR, AR, AD AR AD, XLR AR, AD AR AD, AR ? AD and AR
Somatic
abnormalities

Yes Yes Yes Yes Rare Yes Rare ?None Yes

Bone marrow
failure

AA
(>90%)

AA
(∼80%)

AA
(20%)

RCA Eryth Megs Neutropenia Yes
(100%)

Yes

Short telomeres Yes Yes Yes ? ? ? ? Yes No
Malignancy Yes Yes Yes Yes ?No ?No Yes Yes ?
Chromosome
instability

Yes Yes Yes ? ? ? ? Yes ?

Genes identified 16 10 1 14 4 1 5+ ∗ 3

∗Heterozygous mutations in TERC and TERT are risk factors for some cases of AA.
AA, aplastic anaemia; AD, autosomal dominant; AR, autosomal recessive; CDA, congenital dyserythropoietic anaemia; DBA, Diamond–Blackfan anaemia;
DC, dyskeratosis congenita; FA, Fanconi anaemia; IAA, idiopathic aplastic anaemia; Eryth, ineffective erythropoiesis; Megs, low megakaryocytes; RCA,
red cell aplasia; SCN, severe congenital neutropenia; SDS, Shwachman–Diamond syndrome; TAR, thrombocytopenia with absent radii; XLR, X-linked
recessive
#Patients in whom genetic defects have been identified (e g. in SRP72, ERCC6L2) but they do not fit into previously recognized categories.
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(b) (c)(a)

Figure 10.1 FA. (a) Photographs of patients with FA (A1–A3) with
small mouth and chin (‘Fanconi facies’). (b) Abnormalities of
pigmentation (hyper- and hypopigmentation) on the abdomen
(B1) with a close-up (B2) of a café-au-lait spot and a
hypopigmented patch. The bottom photograph (B3) shows the

back of an FA patient demonstrating lumbar scoliosis.
(c) Hands/forearms of FA children showing hypoplastic thumbs
(C1), rudimentary (‘dangling’) thumbs (C2) and a radiograph (C3)
showing rudimentary thumb (skeletal) development.
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Figure 10.2 (a, b) Chromosomal abnormalities seen in FA lymphocytes following incubation with diepoxybutane. ctb, chromatid break;
ctg, chromatid gap; mci, multiple chromatid interchanges (complex rearrangement); tri, triradial; qr, quadriradial. (Source: Nicola Foot,
Hammersmith Hospital. Reproduced with permission.)

haematologicalmalignancy by the age of 40 years is 33%. Besides
these haematological malignancies, there is a significant risk
of hepatic tumours and squamous cell carcinoma of the vulva,
oesophagus, head and neck. The cumulative incidence of solid
tumours is calculated to be 28% by the age of 40 years. The
impression is that malignancies occur mainly in patients with
late-onset BMF and longer survival, with a median age of
13 years for leukaemia and 25 years for solid tumours. Recent
analysis from the German FA registry largely concurs with
these earlier observations. Furthermore, long-term follow-up in
FA patients who have been treated by haemopoietic stem cell
transplantation (HSCT) is showing a higher incidence of non-
haematological malignancies in patients with FA than patients
with other types of BMF who underwent HSCT.

Cell and molecular biology

Over the last three decades many advances have been made
in our understanding of the pathophysiology of FA. FA cells
characteristically display a high frequency of spontaneous chro-
mosomal breakage and hypersensitivity to DNA cross-linking
agents such as diepoxybutane (DEB) and mitomycin C (MMC).
This genomic instability (Figure 10.2) led to the develop-
ment of a diagnostic test (i.e. increased chromosomal break-
age in FA cells compared with normal controls after expo-
sure to DEB/MMC) over two decades ago and this remains
a useful FA screening test today. This ‘FA cell phenotype’ has
also facilitated many advances in our understanding of FA,
including elucidation of the complex genetics of this disease,
with 16 subtypes/complementation groups currently charac-
terized. The genes responsible for these subtypes are desig-
nated FANCA, FANCB, FANCC, FANCD1, FANCD2, FANCE,
FANCF, FANCG, FANCI, FANCJ, FANCL, FANCM, FANCN,
FANCO, FANCP and FANCQ (Table 10.4).
Studies from several groups have demonstrated that the pro-

teins encoded by the FA genes participate in a complicated

network important in DNA repair. Specifically, eight of the FA
proteins (FANCA, FANCB, FANCC, FANCE, FANCF, FANCG,
FANCL and FANCM) interact with each other and form the FA
core complex (Figure 10.3). The FA core complex is required
for the activation of the FANCI-FANCD2 protein complex
to a monoubiquitinated form (FANCI-FANCD2-Ub). FANCI-
FANCD2-Ub then interacts with DNA repair proteins (includ-
ing BRCA2, BRCA1 and RAD51) leading to repair of the DNA
damage. FA-D1 patients have biallelic mutations in BRCA2.
These observations have linked the FA proteins with BRCA1
and BRCA2 (FANCD1) in a DNA damage response pathway
‘The FA/BRCA pathway’. The BRCA2 protein is important
in the repair of DNA damage by homologous recombination.
Cells lacking BRCA2 inaccurately repair damaged DNA and are
hypersensitive to DNA cross-linking agents. It has been estab-
lished that FANCJ is BRIP1 (partner of BRCA1), FANCN is
PALB2 (partner of BRCA2) and that SLX4 is also an FA pro-
tein. These findings further strengthen the connection between
FA and DNA repair; specifically it appears that the FA pathway
orchestrates incisions at sites of cross-linked DNA. Recent stud-
ies suggest the FA proteins may be important in counteracting
aldehyde-induced genotoxicity in haemopoietic stem cells.
The FA–BRCA pathway is activated in response to DNAdam-

age (e.g. replication fork arrest) and involves ATR (ataxia telang-
iectasia andRAD3-related protein) (Figure 10.3). The pathway is
inactivated by the de-ubiquitinating enzymeUSP1. ATR appears
to directly regulate the FA pathway as it is required for the
monoubiquitination of FANCD2 and FANCI. ATR is mutated
in a subset of patients with Seckel syndrome, a disease exhibit-
ing some clinical similarity to FA. ATR and ATM (ataxia telang-
iectasia mutated) are known to phosphorylate FANCD2 and
FANCI. Interestingly, ATR-Seckel cells also exhibit defects in
FANCD2 monoubiquitination. Furthermore, Nijmegen break-
age syndrome (NBS) cells (mutated in NBN) show defects in
FANCD2monoubiquitination. This suggests that aswell as clini-
cal overlap between patients with FA,NBS and Seckel syndrome,
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Table 10.4 FA complementation groups/genetic subtypes.

Approximate
Complementation percentage Chromosome Protein
group/gene of FA patients location (amino acids) Exons

A (FANCA) 65 16q24.3 1455 43
B (FANCB)∗ <1 Xp22.2 859 10
C (FANCC) 12 9q22.3 558 14
D1 (FANCD1)† <1 13q12.3 3418 27
D2 (FANCD2) <1 3p25.3 1451 44
E (FANCE) 4 6p21.3 536 10
F (FANCF) 4 11p15 374 1
G (FANCG) 12 9p13 622 14
I (FANCI) <1 15q26.1 1328 35
J (FANCJ/BRIP1)‡ <5 17q23.2 1249 20
L (FANCL) <1 2p16.1 375 14
M (FANCM) <1 14q21.3 2048 23
N (FANCN/PALB2§ <1 16p12.1 1186 13
O (FANCO/RAD51C)∗∗ <1 17q25.1 376 9
P (FANCP/SLX4)# 2 16p13.3 1834 15
Q (FANCQ/ERCC4)## <1 16p13.12 916 11

∗FANCB is on the X chromosome.
†FANCD1 is BRCA2.
‡FANCJ is BRIP1 (BRCA1 interacting protein).
§FANCN is PALB2 (partner of BRCA2).
∗∗FANCO is RAD51C.
#FANCP is SLX4.
##FANCQ is ERCC4.

there is also overlap in the biological defects observed in cells
from these patients. This highlights the complexity of physi-
cal interactions between the different molecules involved in this
matrix of pathways. Equally it is clear that FA cells also display
other abnormalities in addition to DNA repair (Figure 10.3).
This includes hypersensitivity to oxygen, accelerated telomere
shortening, abnormal cell cycle kinetics, upregulation of p53 and
over-activation of themitogen-activated protein kinase (MAPK)
pathways leading to over-production of tumour necrosis factor
(TNF)-α. These observations suggest that our understanding of
the molecular events responsible for all the FA pathology is cur-
rently incomplete.
It is noteworthy that the phenotypes associated with biallelic

BRCA2 (FA-D1) and PALB2 (FA-N) mutations are markedly
similar to each other, but different from the other FA genes.
Specifically, FA-D1 and FA-N are associated with high risks of
solid childhood malignancies (e.g. Wilms tumour and medul-
loblastoma), which are not usually seen in the other FA sub-
types. Furthermore, heterozygous mutations in BRCA2 (FA-
D1), PALB2 (FA-N) and BRIP1 (FA-J) confer an elevated risk
of breast cancer yet this is not the case for the other FA genes.
These differences highlight that the relationship between the FA

proteins and their interactions with other molecules is complex
at both the clinical and molecular level.
In vitro gene transfer studies have demonstrated that intro-

duction of the appropriate wild-type FA gene into FA human
lymphoid and haemopoietic cells markedly enhances their
growth and normalizes their response to MMC; in lymphoid
lines, cell kinetics (G2 phase) and chromosomal breakage are
normalized. Thus the transfer of the wild-type FA genes cor-
rects the extreme sensitivity to DNA cross-linking agents,
the hallmark of the FA cell phenotype. These studies pro-
vide the rationale for haemopoietic gene therapy (discussed
below).
Murine models of FA have shown that haemopoietic progen-

itors are hypersensitive to TNF-α and interferon (IFN)-γ. This
differential hypersensitivity to IFN-γ is thought to be mediated
by fas-induced apoptosis and may turn out to be an important
mechanism in the development of progressive BMF in FA. It is
noteworthy that patients with idiopathic AA usually have raised
IFN-γ levels, thus providing a possible link in the pathophys-
iology of BMF in both idiopathic and FA-associated AA. The
presence of short telomeres in cells from patients with both FA
and idiopathic AA can also be expected to be important in the
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Constitutional biallelic mutations in Fanconi anaemia genes 

Altered DNA damage response
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Figure 10.3 Schematic representation of the FA–BRCA pathway
and related networks. The diagram shows that the constitutional
mutations in FA cells lead to aberration of the FA–BRCA pathway,
abnormal handling of oxidative stress, aberrant activation of
mitogen-activated protein kinases (MAPKs) and defective
telomere maintenance, as well as other biological aberrations. The
net impact of these is increased genomic instability and altered cell
survival/checkpoints. The diagram also highlights the potential
role of environmental factors such as smoking in adding to the
effect of the FA mutations. Within the FA–BRCA pathway, the

proteins shown in yellow are those mutated in different FA
patients. The FA core complex consists of eight FA-proteins (A, B,
C, E, F, G, L and M) and this, together with ATR (ataxia
telangiectasia and RAD3-related protein), is essential for activation
(ubiquitination) of the I–D2 complex after DNA damage.
Activated I–D2-Ub translocates to DNA repair foci where it
associates with other DNA damage response proteins including
BRCA2, RAD51 and SLX4 and participates in DNA repair. TNF,
tumour necrosis factor; Ub, ubiquitination.

pathophysiology of BMF in both diseases. This feature is dis-
cussed further in relation to DC.

Treatment

The major cause of mortality in FA is the development of
BMF. Anabolic steroids such as oxymetholone and danazol can
produce useful trilineage haematological responses in 50–70%
of patients but many will become refractory after a variable
time. These can be associated with side-effects such as liver
dysfunction; patients therefore need close monitoring. HSCT
is the only curative treatment for BMF. From the in vitro and
in vivo studies it has become clear that cells from FA patients
are hypersensitive to agents such as cyclophosphamide and
irradiation compared with non-FA patients. Therefore, HSCT
conditioning regimens have beenmodified by reducing the dose
of cyclophosphamide and radiation. Initially, using low-dose
cyclophosphamide (20 mg/kg) and 4.5–6 Gy of thoraco-
abdominal irradiation, the actuarial survival for patients
transplanted using HLA-identical sibling donors was ∼70% at

2 years. The results using unrelated donors were less good, with
2-year survival between 20 and 40%. Long-term follow-up of
patients who have survived after HSCT shows a much higher
incidence of malignancies (compared to idiopathic BMF),
particularly of the head and neck, usually 8–10 years after the
transplant. This partly relates to the inherent predisposition of
FA patients tomalignancy (which can perhaps now be explained
given the link to defects in DNA repair) and partly to factors
such as the use of radiotherapy in the conditioning. Transplant
groups are therefore exploring low-dose cyclophosphamide
(20–40 mg/kg) HSCT protocols that avoid the use of radiother-
apy. Results using fludarabine (120–150 mg/m2) in association
with low-dose cyclophosphamide are very encouraging for both
sibling and unrelated HSCT. Longer follow-up is necessary to
determine if such protocols will be associated with a lower risk
of malignancy.
In addition toHSCT, alternative treatment strategies are being

explored. The identification of the FA genes, combined with the
in vitro gene transfer data, which show that FA haemopoietic
stem cells rescued by gene therapy should have a selective growth
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advantage within the hypoplastic BM environment, has resulted
in studies aimed at developing gene therapy for FA patients.
The identification of FAmosaic patients strengthens the case

for future trials of gene therapy. In such cases, the DEB/MMC
test may be negative or only demonstrate chromosomal insta-
bility in a subgroup of cells. Somatic mosaicism is due to rever-
sion of a pathogenic allele to ‘wild’ type in a single haemopoietic
(somatic) cell. The mechanism of how this occurs can vary, but
in each case it generates one ‘normal’ FA allele and the result-
ing cell effectively becomes a ‘heterozygous cell’, which would be
expected to have a growth/survival advantage in the background
of FA cells. These mosaic patients can have an improvement in
their haematological profile, suggesting that a single pluripotent
stem cell may be sufficient to restore adequate haemopoiesis. FA
patients with somatic mosaicism can thus be regarded as having
undergone natural haemopoietic gene therapy.
Over the last 20 years there has been significant progress in

treating the BMF associated with FA. In future, the major chal-
lenge in Fanconi anaemiamay relate to the treatment of the asso-
ciated malignancies and the management of complications (e.g.
pulmonary disease) in adulthood.

Dyskeratosis congenita

Clinical features

Classical DC is characterized by the mucocutaneous triad
of abnormal skin pigmentation, nail dystrophy and mucosal
leucoplakia (Figure 10.4). Since its first description by Jacobi in

1906 and Zinsser in 1910, a variety of non-cutaneous (dental,
gastrointestinal, genitourinary, neurological, ophthalmic, pul-
monary and skeletal) abnormalities have also been reported
(Table 10.5). BMF is the principal cause of early mortality,
with an additional predisposition to malignancy (haematolog-
ical and non-haematological) and fatal pulmonary complica-
tions. X-linked recessive, AD and AR forms of the disease are
recognized. DC is a very heterogeneous disorder, both clinically
and genetically.
Clinical manifestations in DC often appear during child-

hood. The skin pigmentation and nail changes typically appear
first, usually by the age of 10 years. BMF usually develops
below the age of 20 years; 80–90% of patients will have devel-
oped BM abnormalities by the age of 30 years. In some cases,
the BM abnormalities may appear before the mucocutaneous
manifestations and the patients may be categorized as hav-
ing ‘idiopathic aplastic anaemia’. The main causes of death are
BMF/immunodeficiency (∼60–70%), pulmonary complications
(∼10–15%) and malignancy (∼10%).
The minimal clinical criteria for diagnosis of DC includes

the presence of at least two out of the four major features
(abnormal skin pigmentation, nail dystrophy, leucoplakia and
BMF) and two or more of the other somatic features known to
occur in DC.

Cell biology and link to other diseases

Since 1998, tenDC genes have been identified and these account
for ∼60% of DC (Table 10.6).

(a) (b) (c)

(d) (e) (f)

Figure 10.4 Photographs of patients with DC showing abnormal skin pigmentation (a, b, c), nail dystrophy (d, e) and leucoplakia of the
tongue (f).
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Table 10.5 Somatic abnormalities in dyskeratosis congenita.

Percentage of
Abnormality patients

Abnormal skin pigmentation 89
Nail dystrophy 88
BMF 85.5
Leucoplakia 78
Epiphora 30.5
Learning difficulties/developmental
delay/mental retardation

25.4

Pulmonary disease 20.3
Short stature 19.5
Extensive dental caries/loss 16.9
Oesophageal stricture 16.9
Premature hair loss/greying/sparse eyelashes 16.1
Hyperhidrosis 15.3
Malignancy 9.8
Intrauterine growth retardation 7.6
Liver disease/peptic ulceration/enteropathy 7.3
Ataxia/cerebellar hypoplasia 6.8
Hypogonadism/undescended testes 5.9
Microcephaly 5.9
Urethral stricture/phimosis 5.1
Osteoporosis/aseptic necrosis/scoliosis 5.1
Deafness 0.8

X-linked DC and the Hoyeraal-Hreidarsson (HH)
syndrome
The gene (DKC1) responsible for X-linked DC was mapped to
Xq28 in 1986 and identified through positional cloning in 1998.
The DKC1 gene is highly conserved and encodes the protein

dyskerin. With the identification of mutations inDKC1 the first
diagnostic tests became available. It also provided the first firm
evidence that DC was not a homogeneous disorder and that
other syndromes with overlapping presentation can share the
same genetic mutations. The first such example was the HH
syndrome, a severe multisystem disorder which is character-
ized by intrauterine growth retardation, microcephaly, cerebel-
lar hypoplasia, AA and immunodeficiency. Due to the overlap
in features it was suggested and subsequently proven that HH is
a severe variant of DC due to the presence of DKC1 mutations
in males with the classical presentation of HH. However DKC1
mutations are not the only cause ofHH;mutations in other genes
can also lead to a phenotype of HH (see below).

Autosomal dominant (AD)-DC and its link to
telomeres and other diseases
AD-DC is heterogeneous; to date heterozygous mutations in
three genes (TERC, TERT and TINF2) have been character-
ized. The identification of heterozygous mutations in TERC
(telomerase RNA component) in 2001 was a major advance
in the DC field, as it provided a direct link between DC and
telomerase. Telomerase is a ribonucleoprotein composed of two
core components: a catalytic component which adds the repeats,
telomerase reverse transcriptase (TERT) and TERC, which acts
as the template. It functions as a specialized polymerase that adds
the telomeric repeat (TTAGGG) to the end of the 3′ lagging
strand of DNA after replication. Due to the semi-conservative
nature of DNA replication, telomerase is essential to main-
tain telomere length in rapidly dividing cells, as found in the
haemopoietic system.Without telomerase the telomeres shorten
with each successive round of replication, when they reach a
critical length the cells enter senescence. Telomerase is mainly
restricted to cells such as germ cells, stem cells and their imme-
diate progeny, activated T cells andmonocytes, but in cells where

Table 10.6 Genetic subtypes of dyskeratosis congenita.

Approximate percentage Chromosome RNA/protein
DC subtype of patients location product Exons

X-linked recessive 25 Xq28 Dyskerin 15
Autosomal dominant 5 3q26.2 TERC 1

3 5p15.33 TERT 16
12 14q11 TIN2 6

Autosomal recessive <1 15q14–q15 NOP10 2
<1 5p15.33 TERT 16
<1 5q35.3 NHP2 4
<1 17p13.1 TCAB1 13
<2 16q13 USB1 7
<1 17p13.1 CTC1 23
2 20q13.3 RTEL1 35

Uncharacterized >30 ? ? ?
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Figure 10.5 Schematic representation of complexes involved in
telomere maintenance. The telomerase complex includes TERC,
TERT, dyskerin, NOP10, NHP2 and GAR1. The shelterin complex
includes the six proteins TRF1, TRF2, TPP1, POT1, RAP1 and
TIN2. The telomere capping (CST) complex is composed of CTC1,
STN1, and TEN1. Protein/RNA names indicated by red arrows are
mutated in DC and related disorders. Hemizygous DKC1
(dyskerin) mutations are observed in X-linked DC and HH.

Heterozygous TERC mutations are associated with DC, AA, MDS,
AML and pulmonary fibrosis. Heterozygous TERT mutations are
responsible for some cases of AA, DC, MDS, AML and
pulmonary/liver fibrosis. Biallelic mutations in TERT can cause
classic DC and HH. Heterozygous TIN2 mutations have been
observed in DC, AA, HH and Revesz syndrome. Biallelic NOP10,
NHP2, TCAB1, USB1 and CTC1 mutations have been seen in
AR-DC. Biallelic RTEL1 mutations are observed in AR-HH.

telomerase is not present telomere shortening is part of the nor-
mal process of cellular ageing.
Mutations in patients with AD-DC were identified in TERC

initially and it was through the identification of mutations
within this molecule that led to significant expansion of the
DC phenotype to include other haematological and non-
haematological disorders. Firstly, heterozygous TERC muta-
tions were identified in patients with AA and soon after in
patients with myelodysplastic syndrome (MDS).
The identification of mutations in DKC1 and TERC estab-

lished the pathology of defective telomere maintenance (Fig-
ure 10.5) as being the principal underlying cause of DC; both
dyskerin (encoded by DKC1) and TERC are now recognized
to be core components of telomerase and patients with DKC1
and TERC mutations have very short telomeres compared to
age-matched controls. This led to further study of the telom-
erase complex to determine the genetic basis of the remaining
uncharacterized patients. The next gene to havemutations iden-
tified was TERT, which encodes the enzymatic component of
the telomerase complex. The clinical presentation in patients
with TERT mutations is highly variable, ranging from near DC
phenotype to just AA. Heterozygous mutations in TERT and
TERC have also been identified in some patients with idiopathic
pulmonary fibrosis, liver disease and leukaemia.

In 2008, mutations in a component (TIN2) of the shelterin
complexwere identified in one subtype of AD-DC. The shelterin
complex (comprised of six proteins) has at least three effects on
telomeres. It determines the structure of the telomeric terminus,
it has been implicated in the generation of t-loops and it controls
the synthesis of telomeric DNA by telomerase. The composition
and protein interaction of the components of shelterin complex
appears to be highly ordered, with TIN2 playing a pivotal role.
In a subset of patients with DC, HH, AA and Revesz syndrome,
heterozygous TIN2 mutations have been identified. This dis-
covery extends the range of the DC spectrum of diseases even
further. Revesz syndrome is characterized by bilateral exudative
retinopathy, BMF, nail dystrophy, fine hair, cerebellar hypopla-
sia and growth retardation. PatientswithTIN2mutations tend to
have severe disease and this is associated with very short telom-
eres. Interestingly, nearly all the patients have de novo TIN2
mutations, which give rise to a different mechanism causing the
disease. In patients with heterozygous TERC and TERT muta-
tions, studies have shown that the phenomenon of genetic antic-
ipation is frequently involved; a parent of an affected child has
the same telomerase mutation, but usually no overt signs of dis-
ease. However, in a child with the same heterozygous telomerase
mutation the disease manifests itself at a much younger age and
is usually more severe.
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Autosomal recessive DC
Since 2007 progress has been made in the genetic basis of
AR-DC. A large linkage study of 16 consanguineous families
comprising 25 affected individuals did not identify a single
common locus, suggesting there is genetic heterogeneity within
AR-DC. Since this observation, mutations in seven genes have
been identified as causing AR-DC. The first AR-DC gene to be
identifiedwasNOP10. The homozygousNOP10mutation iden-
tified in a large family affected a highly conserved residue. As a
result of this mutation all the affected individuals had reduced
telomere length and reduced TERC levels. In a subset of AR-DC
biallelic mutations have been identified in TERT. These muta-
tions give very different profiles regarding telomerase activity
and telomere length, with both being greatly reduced compared
with heterozygous TERT mutations. Biallelic mutations in
NHP2 have been identified in a third subset of AR-DC patients.
Again telomere lengths and TERC levels are reduced in patients
compared to normal controls. Both NOP10 and NHP2 are com-
ponents of H/ACA ribonucleoprotein complex (H/ACA RNP).
This complex is comprised of a RNAmolecule and four proteins,
dyskerin, GAR1 as well as NOP10 and NHP2. These four pro-
teins are highly conserved and have been shown to be involved
in ribosome biogenesis, pre mRNA splicing and telomere main-
tenance. Mutations have been identified in all components of
this H/ACARNP complex in patients withDC except for GAR1.
In 2011, biallelic mutations in the TCAB1 were identified in

two patients with AR-DC. TCAB1 is a telomerase holoenzyme
protein that facilitates trafficking of telomerase to Cajal bod-
ies, the nuclear sites of nucleoprotein complex modification and
assembly. Compound heterozygous mutations in TCAB1 dis-
rupt telomere localization to Cajal bodies, resulting in misdi-
rection of telomerase RNA to nucleoli. This in turn prevents
telomerase from elongating telomeres, thereby resulting in short
telomeres.
In another subgroup of AR-DC, biallelic mutations have been

found inUSB1. It is noteworthy that mutations in this gene have
unified this subgroup of DC with patients classified as having
poikiloderma with neutropenia and Rothmund–Thomson syn-
drome. This subgroup of AR-DC patients appear to have normal
length telomeres and therefore represent a biologically different
subtype.
In 2012, biallelic mutations in CTC1, encoding conserved

telomere maintenance component 1, were identified in a rare
subgroup of DC patients. As CTC1 mutations were initially
identified in the pleotropic syndrome, Coats plus (characterized
by retinopathy, intracranial calcifications and cysts, osteopenia
and gastrointestinal abnormalities), this observation expands
further the complexity of phenotypes associated with the
‘telomereopathies’.
In 2013, biallelic mutations in RTEL1 (regulator of telom-

ere length 1) were identified in some patients with severe DC
(close to HH) and these patients have very short telomeres as
well as qualitative defects in telomeres. RTEL1 is a helicase with

an important role in homologous recombination and telom-
ere maintenance (dismantles telomere t-loops during DNA
replication).

Treatment

BMF is the main cause of mortality in DC. Use of the anabolic
steroids (oxymetholone and danazol) can produce improve-
ment in the haemopoietic function. Approximately two-thirds
of patients with DC will respond to oxymetholone; in some
cases the response can last several years and involve all lin-
eages. Patients with DC can respond to a dose as low as 0.25 mg
oxymetholone/kg/day and this can be increased, if necessary, to
2–5 mg/kg/day. It is important to monitor for side-effects (e.g.
liver toxicity). It is possible to maintain reasonable blood counts
by this approach in many patients.
The only long-term cure for the haemopoietic abnormalities

is allogeneic HSCT. There is significant mortality associated
with BM transplants for DC patients than with other BMF
syndromes. One of the main reasons for this is the high level
of pulmonary/vascular complications that present in these
patients, probably as a result of the underlying telomere defect.
The conditioning regimen appears to have an impact on patient
survival. The standard myeloablative conditioning regimes are
associated with frequent and severe adverse effects, such as
pulmonary complications and veno-occlusive disease. Recently,
the adoption of non-myeloablative fludarabine-based protocols
has allowed for successful engraftment in some patients with
fewer complications and lower toxicity. The long-term survival,
however, is unknown at present, but the initial response is
encouraging as a more effective treatment for DC.

Shwachman–Diamond syndrome (SDS)

Clinical features

Shwachman and Bodian and their colleagues first reported this
disease independently in 1964. SDS is now recognized as an
AR disorder characterized by exocrine pancreatic insufficiency
(100%), BMF (100%) and other somatic abnormalities (partic-
ularly involving the skeletal system). Signs of pancreatic insuf-
ficiency (malabsorption, failure to thrive) are apparent early in
infancy (NB: pancreatic function can improve in a subset of
SDS patients). Other somatic abnormalities include short stature
(∼70%), protuberant abdomen and an ichthyotic skin rash
(∼60%). Metaphyseal dysostosis is seen on radiographs in about
75% of patients. Other abnormalities include hepatomegaly,
rib/thoracic cage abnormalities, hypertelorism, syndactyly, cleft
palate, dental dysplasia, ptosis and skin pigmentation.
The spectrum of haematological abnormalities includes neu-

tropenia (∼60%), other cytopenias (∼20% have pancytope-
nia), MDS and AML (∼25%). The age at which leukaemia
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Table 10.7 Genetic subtypes of Shwachman–Diamond syndrome.

Approximate percentage Chromosome Protein
SDS subtype of patients location product Exons

Autosomal recessive >90 7q11.22 SBDS 5
Uncharacterized <10 ? ? ?

develops varies widely, from 1 to 43 years. AML is the common-
est category and there is an unexplained preponderance of cases
of leukaemia in males.
Exocrine pancreatic insufficiency and haematological abnor-

malities are also seen in Pearson syndrome (PS), and this is
therefore an important differential diagnosis. In PS, the anaemia
is usually more prominent than neutropenia and the marrow
usually shows ringed sideroblasts along with vacuolation of
myeloid and erythroid precursors. In addition, acidosis, abnor-
malities of liver function and mitochondrial DNA rearrange-
ments are seen in PS. PS has a worse prognosis than SDS, with
many patients dying before the age of 5 years from liver or BMF.
Other differential diagnoses to be excluded are cartilage hair
syndrome and cystic fibrosis.

Cell and molecular biology

The SDS gene (SBDS) on 7q11.22 was identified in 2003. The
majority (>90%) of SDS patients have biallelic mutations in this
gene (Table 10.7). Data from yeast and human studies suggest
that the SBDS protein has an important role in the maturation
of the 60S ribosomal subunit (Figure 10.6). These observations
suggest that SDS is principally a disorder of ribosome biogenesis.

Treatment

The malabsorption in SDS responds to treatment with oral pan-
creatic enzymes. For those with neutropenia, G-CSF may pro-
duce an improvement in the neutrophil count. Some patients

Ribosomal DNA

45S rRNA

30S

18S

40S subunit
80S ribosome 60S subunit

Nucleus

Cytoplasm

5.8S 28S 5S

32S

DBA RPS7, RPS10, 
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Figure 10.6 Schematic diagram showing scheme of ribosomal
(r)RNA processing in human cells and the points at which this is
possibly disrupted in the different BMF syndromes. The rRNAs are
transcribed by RNA polymerase I as a single precursor transcript
(45S rRNA). The 45S rRNA is then processed to 18S, 5.8S and 28S
rRNAs. The 18S is a component of the 40S ribosomal subunit. The
5.8S and 28S together with 5S (synthesized independently) are

components of the 60S ribosomal subunit. The 40S and 60S
subunits are assembled to form the 80S ribosome. The processing
steps affected in DBA (heterozygous mutations in RPS7, RPS10,
RPS17, RPS24, RPS26, RPS28, RPS29, RPL5, RPL11, RPL26 and
RPL35a), 5q– syndrome (haploinsufficiency of RPS14) and SDS
(biallelic mutations in SBDS) are indicated by the different
coloured stars.
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with anaemia and/or thrombocytopenia may achieve haema-
tological responses with oxymetholone treatment. As in other
types of BMF, supportive treatment with blood products and
antibiotics is very important.
The development of leukaemia, often with features of

myelodysplasia, usually has a poor prognosis. SDS patients with
leukaemia treated with conventional courses of chemotherapy
usually fail to regenerate normal haemopoiesis. As this is a
constitutional disorder all somatic cells, including haemopoi-
etic stem cells, are abnormal. In addition, the haemopoietic
stem cells may have accumulated secondary abnormalities, as
suggested by complex karyotypes (especially involving chro-
mosome 7) often observed in the BM from these patients.
Therefore, for those who develop leukaemia, the only approach
likely to be successful is allogeneic HSCT, using conditioning
regimens that include fludarabine. It is noteworthy that non-
haematological malignancies have not been observed in SDS
patients.

Diamond–Blackfan anaemia (DBA)

Clinical features

Red cell aplasia was first reported in 1936 by Josephs. In 1938,
Diamond reported on four children with hypoplastic anaemia
and this has now come to be recognized as DBA or congenital
pure red cell aplasia. DBA usually presents in early infancy, with
features of anaemia such as pallor or failure to thrive. The hall-
mark of classical DBA is a selective decrease in erythroid pre-
cursors and normochromicmacrocytic anaemia associated with
a variable number of somatic abnormalities such as craniofa-
cial, thumb, cardiac and urogenital malformations. Hitherto the
diagnostic criteria for DBA have comprised: (i) normochromic,
usually macrocytic, but occasionally normocytic anaemia devel-
oping in early childhood; (ii) reticulocytopenia; (iii) normo-
cellular BM with selective deficiency of erythroid precursors
(erythroblasts<5%); (iv) normal or slightly decreased leucocyte
counts and (v) normal or often increased platelet counts. More
recently, elevated erythrocyte deaminase activity, macrocytosis
and elevated fetal haemoglobin have been added to the list of
supportive features of DBA. It has also been recognized that in a
subset of cases the presentation may be in adulthood.
There is considerable heterogeneity in the associated somatic

abnormalities and response to therapy. Analysis of cases
recruited to the DBA Registry of North America (DBAR) has
shown that the annual incidence of DBA is about 5 per million
live births. Themedian age at presentation was 8 weeks and 93%
of patients presented in the first year of life. In total, 79% were
initially responsive to steroids, 17%were non-responsive and 4%
were never treated with steroids; 31% of patients were receiving
transfusions at analysis. The actuarial survival rates at older than
40 years were 100% for those in sustained remission, 87% for

steroid-maintained patients and 57% for transfusion-dependent
patients. Of the 36 deaths reported, 25 were treatment related: 5
from infections, 5 from complications of iron overload, 1 related
to vascular access and 14 from transplant-related complications.
In the DBAR, 8.8% of families had more than one affected

individual. Most of the familial cases displayed AD inheritance.
Somatic anomalies, excluding short stature, were found in 47%
of patients. Of these, 50% were craniofacial (high-arched palate,
cleft lip, hypertelorism and flat nasal bridge), 38% were upper
limb and hand (flat thenar eminence, triphalangeal thumb), 39%
genitourinary and 30% cardiac. Height was below the third cen-
tile for age in about 30%.
MDS and AML have been reported in a few patients with

DBA. There are also cases that have evolved into AA; neutrope-
nia and thrombocytopenia are relatively common after the first
decade. Giri and colleagues reported on moderate to severe BM
hypocellularity in 21 of 28 (75%) patients with steroid-refractory
DBA; marrow hypoplasia correlated with the development of
neutropenia (9/21, 43%) and/or thrombocytopenia (6/21, 29%).
Furthermore, using in vitro long-term culture-initiating cell
assay, they provided evidence for a trilineage haemopoietic
defect in patients with refractory DBA. Thus, although DBA has
been regarded classically as a pure red cell aplasia, a more global
haemopoietic defect is likely to be present, and this may be seen
more frequently in the future as patients survive longer due to
improved medical care.

Cell and molecular biology

A number of different defects of in vitro erythroid progen-
itor proliferation, differentiation and cytokine responsiveness
have been reported. The establishment of DBA registries, and
advances in genetics has led to genetic categorization of many
DBA cases. The first gene to be identified was RPS19 (1999).
Subsequently, heterozygous mutations in other genes encod-
ing ribosomal proteins of the small (RPS7, RPS10, RPS17,
RPS24, RPS26, RPS28, RPS29) and large (RPL5, RPL11, RPL15,
RPL26 and RPL35a) ribosomal subunits have also been reported
(Table 10.8); collectively the genetic basis of approximately 65%
of DBA patients can now be substantiated at the genetic level.
These findings suggest that the primary defect in DBA is defec-
tive ribosome biogenesis, which then leads to other biologi-
cal defects, including increased apoptosis and upregulation of
p53. It will now be important to establish how precisely muta-
tions in these ribosomal protein genes lead to altered cell growth
(and anaemia), developmental anomalies and increased suscep-
tibility to cancer. Recently, constitutional hemizygous GATA1
mutations have been identified in rare patients with ‘DBA-like’
disease.
Review of clinical and genetic data has shown that patients

with RPL5mutations tend to have multiple physical abnormali-
ties, including craniofacial, thumb and heart anomalies, whereas
isolated thumb malformations are predominantly seen in
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Table 10.8 Genetic subtypes of Diamond–Blackfan anaemia.

Approximate percentage Chromosome Protein
DBA subtype of patients location product Exons

Autosomal dominant 25 19q13.2 RPS19 6
2 10q22–23 RPS24 7
1 15q25.2 RPS17 5
7 1p22.1 RPL5 8
5 1p36.1–p35 RPL11 6
3 3q29–qter RPL35a 5
1 2p25 RPS7 7
7 6q21.31 RPS10 6
3 12q13.2 RPS26 4
1 17p13.1 RPL26 4

<1 3p24.2 RPL15 4
? 14q21.3 RPS29 3
? 19p13.2 RPS28 4

X-linked recessive <1 Xp11.23 GATA1 6
Uncharacterized ∼30 ? ? ?

patients with heterozygous RPL11 mutations. Some genotype–
phenotype correlations are therefore beginning to emerge.
It is noteworthy that recent advances have provided a very

interesting connection between DBA, SDS, MDS and defec-
tive ribosome biogenesis (see Figure 10.6). Specifically: (i) DBA
(as highlighted here) is caused by mutations in genes impor-
tant in the biogenesis of the small and large ribosomal units;
(ii) the SBDS gene mutated in SDS (see above) is required for
the maturation of the large ribosomal unit; and (iii) the 5q–
syndrome (a recognized subtype of acquired myelodysplasia)
is associated with haploinsufficiency of the gene encoding the
ribosomal protein RPS14. These advances highlight the impor-
tance of studies on rare syndromes, as often they can pro-
vide significant insights into the pathology of more common
diseases.

Treatment

The first line of treatment for DBA remains corticosteroids.
Once a maximal haemoglobin response has been achieved, the
dose of prednisolone should be tapered slowly until the patient
is on the lowest dose possible on an alternate-day regimen.
For those patients who fail to respond or become refractory
to steroids, blood transfusion is the mainstay of treatment.
The major complication from transfusions is iron overload,
and chelation of iron (avoiding deferiprone) should therefore
be commenced as soon as patients have increased iron stores
(Chapter 4). Splenectomy may be indicated in the event of an
increased transfusion requirement secondary to hypersplenism.
For patients who are transfusion dependent and who have a
compatible sibling donor, HSCT may be appropriate.

Congenital dyserythropoietic anaemia
(CDA)

CDA comprises a heterogeneous group of disorders of erythro-
poiesis characterized by anaemia, ineffective erythropoiesis and
frequently morphological evidence of dyserythropoiesis. The
first description of these disorders was in 1966 by Crookston
and colleagues. In 1968Wendt and Heimpel classified CDA into
three types (I, II and III) (Table 10.9). Over the years many addi-
tional subtypes (IV, V, VI and VII) have been added to the list,
often based on case reports.

CDA type I

The majority of patients present with splenomegaly and mild
to moderate anaemia (∼66–116 g/L); approximately 70% have
macrocytosis. In some cases non-haematological features (e.g.
skeletal abnormalities, abnormal skin pigmentation) have been
observed. Ineffective erythropoiesis is evidenced bymorpholog-
ical abnormalities in the peripheral blood (anisocytosis) and in
the marrow (megaloblastic erythroid precursors, internuclear
chromatin bridging, binuclearity affecting 3–7% of erythro-
blasts; Figure 10.7a), as well as by increasedmarkers of haemoly-
sis (elevated lactate dehydrogenase and bilirubin). The defining
ultrastructural feature is a spongy (‘Swiss cheese’) appearance of
the heterochromatin in themajority of erythroblasts on electron
microscopy (Figure 10.7b).
Recognized to be AR, the first gene responsible for CDA type

I (CDAN1, called codanin) was identified in 2002. Recently a
second gene, C15ORF41, was found to be responsible for some
cases of CDA type I.
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Table 10.9 Characteristics of common subtypes of congenital dyserythropoietic anaemia.

Feature Type I Type II Type III

Inheritance AR AR AD, AR
Erythrocytes Macrocytic Normocytic Macrocytic
Erythroblasts
Light microscopy Megaloblastic, internuclear

chromatin bridges
Normoblastic, binuclearity Megaloblastic, up to

12 nuclei/cell
Electron microscopy ‘Swiss-cheese’ appearance Peripheral double membranes Non-specific

Serology
Ham test Negative Usually positive Negative
Anti-i-agglutinabiliy Normal/strong Strong Normal/strong

SDS-PAGE Normal Band 3 thinner and migrates Band 3 migrates
faster than normal faster than normal

Genes identified CDAN1 (15q15.2),
C15ORF41 (15q14)

SEC23B (20p11.23) KIF23 (15q21)

Source: Wickramasinghe SN, WoodWG (2005) Advances in the understanding of congenital dyserythropoietic anaemia. Br. J. Haematol. 131: 431–46.
Reproduced and modified with permission of John Wiley & Sons.

CDA type II

This is the most common subtype of CDA and was initially
described as hereditary erythroblastic multinuclearity with
a positive acidified serum lysis test (HEMPAS) in 1969. It
is inherited as an AR trait. The anaemia is variable (Hb
80–110 g/L). Approximately 10% of cases require regular
transfusions and some cases present with anaemia at birth.
The clinical presentations include a variable degree of jaundice,
hepatomegaly, splenomegaly and cirrhosis. Mental retardation
has been reported in some cases.
Peripheral blood morphology shows moderate to marked red

cell anisocytosis. BM features include normoblastic erythroid
hyperplasia with usuallymore than 10%binucleate erythroblasts

(Figure 10.8a). At the electron microscope level, the erythroid
cells have a characteristic peripheral arrangement of the endo-
plasmic reticulum giving the appearance of a ‘doublemembrane’
(Figure 10.8b). Red cells from patients with CDA type II are
haemolysed by some acidified sera, but not by the patient’s own
serum. In 2009 the gene encoding the secretory COPII compo-
nent SEC23B was shown to be responsible for CDAII.

CDA type III

This subtype is rare. In one of the largest (Swedish) families
investigated, the disease was characterized by giant multinucle-
ated erythroblasts in the marrow (Figure 10.9). There appears to

(b)(a)

Figure 10.7 (a) CDA type I. BM aspirate showing internuclear bridging in normoblasts. (b) CDA type I. Electron micrograph of
erythroblasts showing a spongy (‘Swiss cheese’) appearance of the heterochromatin (Source: David Fergusion and Noemi Roy. Reproduced
with permission.)
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(b)(a)

Figure 10.8 (a) CDA type II (HEMPAS). BM aspirate showing typical multinuclearity. (b) CDA type II. Electron micrographs of
erythroblast showing peripheral arrangement of endoplasmic reticulum with ‘double membrane’ appearance.

be an increased prevalence of lymphoproliferative disorders in
CDA type III. CDA III exhibits AD transmission and is caused
by mutations in KIF23. KIF23 encodes mitotic kinesin-like
protein 1, which plays a critical role in cytokinesis during cell
division.

Treatment

Those with mild anaemia require no major intervention. Folate
supplementation should be given to prevent folate deficiency. If
regular transfusions are necessary, early attention to iron chela-
tion is essential. Splenectomymay be of benefit in some patients
(CDA type II) and there are rare case reports of successfulHSCT.
In CDA type I there are also case reports of improvement in the
haemoglobin after treatment with interferon-α. The mechanism
of this therapeutic benefit remains unclear.

Figure 10.9 CDA type III. Giant multinucleated erythroblast from
the marrow.

Congenital and cyclical neutropenias

Congenital neutropenia is a heterogeneous disorder (Table
10.10). It includes Kostmann syndrome, which was first
described in 1954. Although the original description by Kost-
mann was of an AR disorder, other congenital neutropenia sub-
types (both sporadic and AD) have subsequently been included
in this category. The neutropenia is usually recognized at birth
and the neutrophil count is often below 0.2 × 109/L. The
haemoglobin and platelet count are usually normal and the
BM shows maturation arrest of myelopoiesis at the level of
the promyelocyte/myelocyte (with abundant promyelocytes, but
with selective reduction in myelocytes, metamyelocytes and
neutrophils).
The neutropenias are associated with severe infections and

early death. No patient has developed AA, but myeloid
leukaemias (∼25% by 25 years) can occur. The availability of
G-CSF has revolutionized the outcome for these children. These
patients can progress toMDS and leukaemia, usually with acqui-
sition of secondary mutations including in the G-CSF receptor.
The precise contribution of G-CSF therapy to the development
of G-CSF receptor mutations remains unclear. For patients who
become refractory to G-CSF or who develop leukaemia, HSCT
may be appropriate and curative.
Cyclical neutropenia is characterized by a neutrophil count

that usually reaches a nadir with a 21-day periodicity. Around
the nadir, patients may develop fever and mouth ulcers. Cyclical
neutropenia is usually AD. Linkage analysis in affected families
resulted in the localization of the disease gene to 19p13.3.
Subsequent studies identified mutations in the gene (ELANE)
encoding neutrophil elastase. An extraordinary twist to the
story was the identification of ELANE mutations in many
patients with congenital neutropenia as well. In cyclical neu-
tropenia, the mutations are usually clustered around the active
site of the molecule, whereas the opposite face of the molecule
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Table 10.10 Genetic subtypes of neutropenia.

Subtype
Approximate percentage
of patients

Chromosome
location

Gene/protein
product Exons

Autosomal dominant 50–60 19p13.3 ELANE 6
<2 1p22 GFI1 3

Autosomal recessive 10–15 1q21.3 HAX1 7
∼5 17q21.31 G6PC3 6
Rare 1q21.2 VPS45 4

NB: Some patients initially presenting as isolated neutropenia may turn out to be cryptic presentations of other syndromes,
such as Wiskott–Aldrich syndrome.

tends to be mutated in congenital neutropenia. Neutrophil
elastase is a serine protease that is synthesized predominantly
at the promyelocytic stage and can be expected to be important
in neutrophil development. Recent studies suggest that ELANE
mutations lead to accumulation of the non-functional protein,
which in turn triggers an unfolded protein response leading
to maturational arrest. The precise mechanism leading to
maturation arrest of promyelocytes remains unclear. The orig-
inal family described by Kostmann had AR severe congenital
neutropenia, and has been shown to be associated with biallelic
mutations in HAX1, predicted to lead to defects in cell death.
Biallelic mutations in HAX1 account for approximately 10% of
congenital neutropenia. The HAX1 protein is a critical regulator
of the mitochondrial membrane potential and cellular viability.
While there are data which suggest that HAX1 is important
in controlling apoptosis, it is unclear why premature death of
neutrophils is consistently associated with HAX1 deficiency.
Mutations in other genes (GFI1, G6PC3 and VPS45) are also
associated with SCN.

Thrombocytopenia with absent radii (TAR)

TAR is an AR disorder characterized by hypomegakaryocytic
thrombocytopenia and bilateral radial aplasia. Babies with
TAR often have haemorrhagic manifestations at birth, when
the diagnosis is usually made because of the characteristic
physical appearance combined with thrombocytopenia. Addi-
tional skeletal abnormalities (absent ulnae, absent humeri,
clinodactyly) and other somatic abnormalities (microcephaly,
hypertelorism, strabismus, heart defects) may be seen in some
patients.
The platelet count is usually below 50 × 109/L. The leucocyte

count can be normal or raised, sometimes up to 100 × 109/L
(‘leukaemoid reaction’). BM cellularity is normal and myeloid
and erythroid lineages are normal or increased.Megakaryocytes
are absent or decreased. Most patients bleed in infancy and then
improve after the first year. The mainstay of management is

prophylactic and therapeutic use of platelet transfusions.
Patients with TAR have a very good prognosis after infancy.
There have been no reports of AA or leukaemia.
In TAR patients thrombopoietin levels are usually elevated

and thrombopoietin receptor expression on the surface of
TAR platelets is normal. Therefore, defective megakaryocy-
topoiesis/thrombocytopoiesis does not appear to be caused by a
defect in thrombopoietin production. Recently it has been deter-
mined that compound inheritance of low frequency regulatory
SNP and a rare null mutation in RBM8A (which encodes a sub-
unit of the exon-junction complex) causes TAR.

Congenital amegakaryocytic
thrombocytopenia (CAMT)

CAMT is a rare disorder that usually presents in infancy
and is characterized by isolated thrombocytopenia and reduc-
tion/absence of megakaryocytes in the BM, usually with no
somatic abnormalities. It is genetically heterogeneous with AR
and X-linked subtypes. Approximately 50% of patients will
developAA, usually by the age of 5 years. For patientswith severe
thrombocytopenia or AA, the treatment of choice is HSCT, if a
compatible donor is available.
In a subgroup of patients with CAMT, mutations in the gene

encoding the thrombopoietin receptor (MPL) have been identi-
fied (Table 10.11). As patients withMPLmutations can also have
abnormalities in the leucocyte count and haemoglobin level and
central nervous system (CNS) abnormalities (e.g. cerebral and
cerebellar hypoplasia), this highlights the important role of the
thrombopoietin receptor in haemopoiesis in general and in CNS
development. It also substantiates the genetic heterogeneity of
CAMT.

Conclusion

Since the identification of the first FA gene (FANCC) in 1992,
there have been significant advances in our understanding
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Table 10.11 Genetic subtypes of congenital amegakaryocytic thrombocytopenia.

CAMT subtype
Approximate percentage
of patients

Chromosome
location

Gene/protein
product Exons

Autosomal recessive ? 1p34 MPL 12
Uncharacterized ? ? ? ?

of FA, DC and other BMF syndromes. This has facilitated
diagnosis, as highlighted in Table 10.12. It can be anticipated
that further studies of the pathophysiology of these disorders is
likely to lead to a better understanding of normal haemopoiesis
and how this becomes defective in many patients presenting
with the more common forms of AA and MDS. Indeed studies

have already established a link between DC and AA and, in
turn, to defective telomere maintenance. Equally, a link between
DBA, SDS andMDS and, in turn, defective ribosome biogenesis
has been recognized. These advances also suggest that new
treatment strategies, based on targeting the primary defect in
each syndrome, may now emerge.

Table 10.12 Laboratory tests useful in the investigation of patients with BMF.

Test Diagnostic value

Peripheral blood
Fetal haemoglobin High level suggestive of generalized BMF
DEB/MMC chromosomal breakage Increased in FA
Mutation analysis of specific genes
FANCA–FANCQ Mutated in FA
DKC1, TERC, TERT, NOP10, NHP2, TINF2, TCAB1,
USB1, CTC1, RTEL1

Mutated in DC and related disorders

SBDS Mutated in SDS
RPS19, RPS24, RPS17, RPL5, RPL11, RPL35a, RPS7,
RPS10, RPS26, RPL26, RPL15, GATA1, RPS29,
RPS28

Mutated in DBA

CDAN1, C15ORF41, SEC23B, KIF23 Mutated in CDA
ELANE, HAX1, GFI1, G6PC3, VPS45 Mutated in congenital and cyclic neutropenia
MPL Mutated in CAMT

Mitochondrial DNA analysis Deletions seen in PS
X-chromosome inactivation patterns Skewed in carriers of X-linked DC
Ham test (CD59 analysis) Abnormal in paroxysmal nocturnal haemoglobinuria
Telomere length Short in AA, very short in DC
Constitutional karyotype Abnormality suggestive of constitutional AA

Other investigations
To identify somatic abnormalities
Skeletal survey Presence of somatic abnormalities in association with AA is

suggestive of constitutional/inherited AA
Ultrasound of abdomen
Pulmonary function tests
Echocardiogram

Exocrine pancreatic function Abnormal in SDS and PS
Neutrophil chemotaxis Abnormal in SDS
Fibroblast cultures Abnormalities seen in DC

AA, aplastic anaemia; CAMT, congenital amegakaryocytic thrombocytopenia; CDA, congenital dyserythropoietic anaemia; DBA, Diamond–Blackfan
anaemia; DC, dyskeratosis congenita; DEB/MMC, diepoxybutane/mitomycin-C; FA, Fanconi anaemia; PS, Pearson syndrome; SDS,
Shwachman–Diamond syndrome.
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Acquired aplastic anaemia

Characterization and definition

Aplastic anaemia (AA), a rare bone marrow failure syndrome
(BMFS), is defined by pancytopenia with a hypocellular bone
marrow in the absence of an abnormal infiltrate and with no
increase in reticulin. The term ‘aplastic anaemia’ encompasses
different entities, but here we discuss acquired AA, most often
idiopathic, though sometimes a drug or chemical or a virus
infection is implicated. ‘Inevitable’ AA/myelosuppression occurs
after treatment with cytotoxic drugs or radiation; it is dose
dependent and recovery is usually predictable, and is discussed
no further here.
AA is a bone marrow failure disorder and shows considerable

overlap with clonal disorders of bone marrow failure, includ-
ing myelodysplastic syndrome (MDS), acute myeloid leukaemia
(AML), paroxysmal nocturnal haemoglobinuria (PNH) and
T-large granular lymphocyte leukaemia/lymphoproliferative
disorder (T-LGL), and a tendency itself to later evolve
to MDS/AML (Figure 11.1). The inherited forms of AA,
such as Fanconi anaemia (FA), dyskeratosis congenita (DC)
and Shwachmann–Diamond syndrome (SDS), are rarer than
acquired AA and are discussed in detail in Chapter 10. How-
ever, the importance of excluding an inherited form of AA and
the increasing proportion of adults with apparent acquired AA
with related genetic lesions is highlighted in this chapter.

In AA there must be at least two of the following: (i)
haemoglobin below 100 g/L, (ii) platelet count below 50 × 109/L
and (iii) neutrophil count below 1.5× 109/L. Patients with bilin-
eage or trilineage cytopenias that are less severe than this are not
classified as AA. However, they should have their blood counts
monitored to determine whether they will develop AA later. The
severity of the disease is graded into very severe, severe and non-
severe AA, according to the blood count parameters and bone
marrow findings, as summarized in Table 11.1. The assessment
of disease severity is important in treatment decisions and is of
prognostic significance.

Epidemiology

Aetiology and incidence
Studies indicate an incidence of AA in the West of 2 per million
per year. There is a twofold to threefold higher incidence rate in
Asia. In a large prospective study from Thailand, an incidence
of 3.9 per million was reported from the metropolitan area of
Bangkok compared with 5 per million in the northeast region of
Khonkaen. An incidence of 7.4 per million was reported from
a prospective study from China, although this may represent an
overestimate, as a bonemarrow trephinewas not required for the
diagnosis of AA. The reasons for the differences in incidence are
not known, but may include environmental and genetic factors.
There is a biphasic age distribution, with peaks at 10–25

years and over 60 years; it is possible that some cases diagnosed
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Figure 11.1 Overlapping bone marrow failure disorders. RBDS,
ribosomal dysgenesis syndromes; DC, dyskeratosis congenital; FA,
Fanconi anaemia; AA, aplastic anaemia; SAA, severe AA; NSAA,
non-severe AA; VSAA, very severe AA; PNH, paroxysmal
nocturnal haemoglobinuria; LGL, large granular lymphocytosis;
AML, acute myeloid leukaemia.

in older patients represent hypocellular MDS rather than AA.
There is no significant difference in incidence between males
and females.
Posthepatitic AA accounts for around 5–10% of cases; invari-

ably such cases are negative for the known hepatitic viruses.
Patients, typically young males, present with jaundice and hep-
atitis symptoms, then, on average 6 weeks later, develop pancy-
topenia when the liver function has usually improved or nor-
malized. Posthepatitic AA is usually severe, but responds well
to immunosuppressive therapy (IST), and similar oligoclonal
expansion of activated cytotoxic T cells is observed as in idio-
pathic AA, suggesting a common pathogenesis for the hepati-
tis and bone marrow failure. Rarely, AAmay follow EBV-related
infectious mononucleosis.
AA occurs in association with other systemic autoimmune

disorders, especially eosinophilic fasciitis, but also systemic
lupus erythematosus (SLE), Sjögren syndrome and coeliac dis-
ease. SLE can also produce pancytopenia with a cellular bone
marrow or it may occasionally be associated with myelofibrosis.
Thymomamay be associatedwithAA, although typically related
to pure red cell aplasia (PRCA). Fatal AA is almost invariably
the outcome of transfusion-associated graft-versus-host disease
(GVHD); it is well documented clinically and can be reproduced
in vivo in a mouse model.
The association between AA, other autoimmune disorders

and TLGL, clonal proliferation of cytotoxic (CD8+) T cells,
has been known for decades and conceptualizes the theory of
immune-mediated marrow suppression by a dominant T cell
clone. Somatic STAT3mutations in autoimmuneT cells in a pro-
portion (7%) of AA possibly induces a persistently dysregulated
autoimmunity, which is amenable to immunosuppression, akin
to LGL leukaemia.

AA can rarely occur in pregnancy, although this may be due
to chance and other possible causes should always be sought. A
retrospective review from Leiden over a 24-year period found
a similar frequency of AA in pregnancy compared to that in
the general population. However, due to the rarity of AA, this
may not exclude a possible association in a larger number of
patients. The diseasemay remit spontaneously after termination,
whether spontaneous or therapeutic, and after delivery, but not
in all cases. There is a risk of relapse in pregnancy in patients
who have previously responded to IST. In contrast, after success-
ful allogeneic haemopoietic stem cell transplantation (HSCT),
pregnancy does not trigger relapse.

Pathogenesis and its clinical relevance

The haemopoietic defect in AA
AA is characterized by both a quantitative and a qualita-
tive defect in the haemopoietic stem cell compartment. The
primitive long-term culture-initiating cells and more mature
haemopoietic progenitors in the bone marrow (colony-forming
cells) of all cell lineages are reduced or absent. In addition to
the reduced numbers and impaired repopulating ability of bone
marrowCD34+ cells, these cells are more apoptotic than normal
CD34+ cells, as evidenced by transcriptome analysis. About 10–
15% of patients with AA have shortened telomeres, as measured
in blood leucocytes (see later) (Figure 11.2).
The bone marrow stromal cell microenvironment func-

tions normally in most patients as assessed by an in
vitro system, although this does not examine individ-
ual cellular components of the stroma and thus defects
in particular cells cannot be excluded. The frequencies of
fibroblast colonies (CFU-F) are normal in AA, and mes-
enchymal stem cells showed normal phenotype as defined
by CD34−CD45−CD44+CD29+CD90+CD105+CD106+. The
differentiation capacity of AA mesenchymal stem cells has not
yet been formally evaluated. Cultured AA mesenchymal stem
cells support in vitro haemopoiesis after addition of normal
bone marrow mononuclear cells.
AA is not due to a deficiency of any known haemopoietic

growth factor (HGF). Long-term marrow culture studies have
shown normal mRNA expression and/or secretion of granulo-
cyte/macrophage colony-stimulating factor, granulocyte colony-
stimulating factor (G-CSF), interleukin (IL)-6, stem cell factor
and thrombopoietin (TPO) from stromal cells. Serum levels of
most HGFs, including the above and recombinant human ery-
thropoietin, are markedly elevated. These observations explain
the lack of striking effects of HGFs in most AA patients,
although recent data suggest a role for synthetic TPO-mimetic
in refractory AA.

The immune-mediated nature of acquired AA
In acquired AA, it is proposed that an initiating event, such
as a virus or drug, provokes an aberrant immune response,
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Table 11.1 Laboratory assessment of a newly presenting patient.

1. Laboratory tests to confirmdiagnosis
FBC Pancytopenia with reticulocytopenia. Single cytopenia especially thrombocytopenia may

precede pancytopenia. Raised MCV common.
Blood film examination Toxic granulation of neutrophils, anisopoikilocytosis, macrocytosis. Exclude blasts,

dysplastic neutrophils and hairy cells.
Liver function tests, vitamin B12
and folate

To detect preceding hepatitis; exclude and correct vitamin B12 or folate deficiency.

Virology Post-hepatitic AA occurs in 5–10% cases, serology usually negative for known hepatitis
viruses; HIV and parvovirus are very rare causes of AA; check CMV exposure for
potential BMT candidates.

Antinuclear antibody and dsDNA SLE is very rare cause of AA, and other autoimmune syndromes associated with
pancytopenia.

Radiology Chest X-ray to exclude infection; HRCT scan of chest to exclude pulmonary fibrosis if DC
or RUNX1 familial BMF suspected. Abdominal ultrasound or CT scan: splenomegaly or
lymphadenothy indicate alternative diagnosis; abnormal or misplaced kidneys may occur
in Fanconi anaemia.

BM examination Aspirate fragments easily obtained, hypocellular fragments and trails. Reduced/absence of
haemopoietic lineages. Dyserythropiesis common. Absence of dysplasia in granulocytic
and megakaryocytic lineages. Lymphocytes, plasma cells, macrophages and mast cells
often prominent. Iron stain to exclude ringed sideroblasts. CD34+ immunostain negative.

Trephine: Good length (at least 1–2 cm) essential. Hypocellular. May be patchy cellularity.
Absence of blasts. Lymphoid aggregates (reactive) common. Reticulin stain negative.
CD34 immunocytochemistry negative. CD61 useful to exclude dysplastic
megakaryocytes.

2. Tests to detect an associated abnormal clone
PNH clone Screen for glycosyl phosphatidyl inositol (GPI)-anchored proteins on red cells, granulocytes

(and monocytes) using six-colour flow cytometry, including fluorescent aerolysin
(FLAER). Size of PNH clone will help distinguish haemolytic PNH from AA/PNH and
sub-clinical PNH. PNH clone detected in up to 40% of AA patients.

Cytogenetic clone using
metaphase cytogenetics (MC)
and cytoFISH

Detected in up to 12 % of AA patients in the absence of dysplastic changes. Monosomy 7 –
typical of MDS and AA that has evolved to MDS. MC may fail due to hypocellular BM
and small number of metaphases. Other cytogenetic abnormalities (del13q, del20q, +8)
can be seen in morphologically typical AA.

T-large granular lymphocyte
(T-LGL) clone

If blood/BM T-lymphocytosis, perform TCR gene rearrangement to detect clonal T-LGL; in
this situation, exclude STAT3 mutation.

3. Tests to exclude an inherited bone marrow failure syndrome
DEB test PB chromosomal breakage (spontaneous and DEB/MMC-induced) increased in Fanconi

anaemia. Screen patients up to 60 years old (FA has rarely been diagnosed in 5th decade)
and all BMT candidates.

PB telomere length Flow FISH or multiplex qPCR analysis. Very short telomeres (far below 1st percentile for
age) are indicative of DC. Telomere gene mutation analysis then indicated (including
TERC, TERT, TIN2, DKC1).

Other IBMFS Specific gene mutation analysis when suspected, e.g. SBDS for Schwachmann–Diamond
anaemia, GATA2 for Emberger’s syndrome. See point number 6 for emerging
technologies to detect other IBMFS.

4. Emerging diagnostic tests
PB MDS gene mutation panel Next generation sequencing technology to detect somatic mutations which may help

distinguish AA from hypocellular MDS/AML.
Single nucleotide polymorphism
(SNP)-array karyotyping

To detect abnormal genomic clones. Increases detection rate of chromosomal defects
compared with MC. Use with MC.
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Table 11.1 (Continued)

IBMFS custom array mutation
analysis using exome/whole
genome sequencing

To detect known (exome sequencing) or unknown (whole genome sequencing) IBMFS. See
Chapter 19.

5. How severe is the aplastic anaemia?
Severe AA (Camitta et al., 1976) BM cellularity <25%, or 25–50% with <30% residual haemopoietic cells 2 out of 3 of the

following:
1. neutrophils <0.5 × 109/L
2. platelets < 20 × 109/L
3. reticulocytes < 60 × 109/L

Very severe AA (Bacigalupo
et al., 1988)

As for severe AA but neutrophils <0.2 × 109/L.

Non-severe AA Patients not fulfilling the criteria for severe or very severe aplastic anaemia.

6. Is there an alternative diagnosis?
In the presence of pancytopenia and a hypocellular BM, exclude other possible causes:
Hypocellular MDS/AML, and
hypoALL in children

These features occur in hypoMDS/AML but not in AA: dysplastic neutrophils, BM
dysgranulopoiesis and dysmegakayopoiesis, blasts in PB or BM, ringed sideroblasts,
increased BM reticulin and ALIP.

Hodgkin or Non-Hodgkin
lymphoma

Examine trephine carefully for foci of lymphoma and perform immunophenotyping and
gene rearrangement analyses.

Myelofibrosis Presence of splenomegaly, tear-drop poikilocytes and leucoerythroblastic changes on blood
film, and increased BM reticulin and/or collagen are all features of myelofibrosis.

Mycobacterial infection,
especially atypical forms

Other BM features of mycobacterial infection are granulomas, necrosis and increased
reticulin.

Anorexia nervosa, starvation Often presents with neutropenia before pancytopenia. BM features include stromal oedema
and serous degeneration.

Thrombocytopenic disorders, e.g.
ITP, amegakaryocytic
thrombocytopenia (AMT)

Sometimes AA can present with isolated thrombocytopenia. BM in ITP usually shows
normal or increased megakaryocytes, but occasionally reduced megakaryocytes. AMT
can later progress to AA or MDS. Congenital AMT is due to c-MPL mutation.

CD117: mast cells

(a)

(b)

Figure 11.2 (a) BM trephine – severe AA; (b) Non-severe AA.
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Figure 11.3 Immune mediated aplastic anaemia. Following an
insult, most likely viral, there is immune-mediated damage to stem
cells, resulting in a pro-inflammatory response. The most
important component comprises the CD4+ T-cells, with expansion
of Th1 (clonal) and Th17 cells, and reduced and dysfunctional

regulatory T-cells (Tregs). This leads to oligoclonal expansion of
cytotoxic CD8+ T-cells, resulting in apoptotic death of stem cells.
(Source: Kordasti et al., 2012 [Blood 119(9):2033–43.].
Reproduced with permission of American Society of Hematology.)

triggering oligoclonal expansion of cytotoxic T cells that
destroy haemopoietic stem cells (Figure 11.3). HSCT or IST
leads to complete or partial response by eradicating or suppress-
ing pathogenic T cell clones. Relapse occurs with recurrence
of the immune response, and the immunologically stressed
and depleted stem-cell compartment also allows selection
of abnormal haemopoietic clones that manifest as MDS and
occasionally AML.
Strong evidence that AA has an autoimmune nature is based

on the following observations:
1 Haematological recovery after IST with antithymocyte glob-
ulin (ATG) and ciclosporin (CSA) occurs in the majority of
patients.
2 There are activated autoreactive oligoclonal CD8+ T cells
present in blood and bone marrow that release interferon
(IFN)-γ and tumour necrosis factor (TNF)-α, cytokines that
inhibit haemopoiesis.

3 Intracellular IFN-γ levels in T cells correlate with response to
IST.
4 Increased Fas expression on bone marrow CD34+ cells indi-
cates increased apoptosis.
5 T cell repertoire analysis shows oligoclonal expansion of
CD8+ T cells in AA, MDS and PNH.
6 Transcription factor T-bet is upregulated and binds to the
IFN-γ promoter, resulting in increased expression of IFN-γ.
7 CD4+CD25+FOXP3+ regulatory T cells are impaired and
clonally restricted Th1 are expanded inducing an inflammatory
microenvironment.
Gene expression profiling in AA CD34+ cells has shown that

more than half the upregulated genes are related to the immune
response, including genes for cytokines and cytokine receptors
and signal transduction genes, as well as other immune response
genes. Many apoptosis and cell death genes are upregulated and
some antiapoptotic genes downregulated.
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It is unclear why T cells are activated in AA. HLA-DR2 and
its split HLA-DR15 and DRB1*1501 and 1502 alleles are over-
represented in AA, as are class I HLA-B*4002 andHLA-A*0206,
indicating a possible role for antigen recognition. There is cor-
relation between ATG response and DRB1*1501, but most of
these HLA data come from studies of Japanese patients. Stud-
ies of cytokine gene polymorphisms that may reflect a height-
ened immune response in AA are limited; polymorphisms in the
TNF-α promoter, IL-6 and IFN-γ genes have been reported, but
a systematic assessment of all potentially relevant cytokine genes
has not been reported.
The specific cytotoxic T-cell targets on haemopoietic stemand

progenitor cells in AA have not been identified. Potential can-
didates, identified by screening antibodies in patients’ serum
against a peptide library using leukaemia cell lines, include
kinectin, DRS-1 (diazepam-binding inhibitor-related protein-
1), PMS1 (postmeiotic segregation increased 1), moesin and
hnRNPK (heterogeneous nuclear ribonucleoprotein K). How-
ever, the relevance of these findings is unclear, and theymay rep-
resent epiphenomena rather than primary targets of cytotoxic
T-cell attack.
Alternatively, a defect in the glycosylphosphatidylinositol

(GPI) anchor may be the trigger for the immune response
against normal progenitor cells through aberrant expression of
intracellular GPI protein(s) while at the same time providing a
protective mechanism for GPI-defective cells.

Detection of somatic mutations in AA

Using next generation sequencing, two large studies have
recently reported similar incidence (20 to 25%) of somatic
(acquired) mutations in AA in genes associated with myeloid
malignancies (most frequently ASXL1, DNMT3A). Thesemuta-
tions are predictive for later evolution to MDS/AML especially
in patients with history of AA for > 6 months, and also for
worse response and survival following immunosuppressive ther-
apy; in contrast, other mutations confer good prognosis (BCOR,
BCORL1 and PIG-A genes). Their further significance in AA is
discussed later (see ‘Suggested further reading’).

Genetic predisposition to AA and short
telomeres
Inherited forms of AA have long been regarded as very rare
causes of acquired AA, these including FA, DC and SDS (see
Chapter 10 for detailed discussion). More recent awareness of
these syndromes, with characterization of the genetic mutations
in these and other bonemarrow failure syndromes and the find-
ing of very short telomeres in some patients with AA, indicate a
more common occurrence than previously realized, and recog-
nition that such cases may present later in adulthood.
The DC genes are involved in telomere maintenance, and all

DC patients invariably have very short telomeres. About 10% of
patients with apparent acquired AA have inherited mutations in

TERC, TERT, with none or very mild mucocutaneous abnor-
malities. Families may have individuals with pulmonary fibrosis
and hepatic cirrhosis, with or without cytopenia(s). SDS usually
occurs in childhood with neutropenia, but can present in adult
life.
In addition tomutations in theDCgenes, other factors such as

‘stressed’ haemopoiesis as a result of reduced stem cell numbers
inAA, and environmental factors such as smoking, contribute to
the shortened telomeres. Telomeres are assumed to be short in
all organs, but they are only measured in blood leucocytes (the
tissue for which there are sufficient age-matched controls). The
consequences of telomere shortening include genomic insta-
bility, resulting in increased risk of malignant transformation
(MDS, AML), bone marrow failure and defects in repair and
regeneration (pulmonary fibrosis, cirrhosis). The clinical con-
sequences of missing late-onset inherited forms of AA, as they
often lack somatic anomalies, include likely mortality after allo-
geneic HSCT using standard conditioning regimens in FA due
to the defect in DNA repair, and in DC due to the higher risk
of liver and/or respiratory failure, and failure to screen potential
family bone marrow donors for inherited bone marrow failure.
That not all patients with acquired AA respond to IST could

be explained in pathogenetic terms by: (i) complete stem cell
depletion due to a severe autoimmune attack, (ii) insufficient
degree of IST or (iii) a non-immune basis for the bone marrow
failure, of which one mechanism may be a genetic predisposi-
tion resulting in genomic instability. The presence of shortened
telomeres in idiopathic AA does not preclude initial response
to IST, but predicts relapse after ATG and also late clonal disor-
ders. There are insufficient data in patients with TERC or TERT
mutations on response to IST (see also section ‘Predictors of
response to ATG’).

Clinical features

Patients with AA most commonly present with symptoms of
anaemia and skin or mucosal haemorrhage (ecchymoses or
petechiae), including buccal haemorrhages, or visual distur-
bance due to retinal haemorrhage. Infection, particularly sore
throat, may be a presenting feature, but is less common. There
is no lymphadenopathy or hepatosplenomegaly in the absence
of infection. An important careful history and clinical examina-
tion help to exclude an inherited form of AA, especially in chil-
dren and young adults. This also applies to older patients as it
has more recently been realized that typical features of inher-
ited bonemarrow failure syndromesmay be absent and/or other
features may be present in older patients. The findings of short
stature, abnormal thumbs and forearms, café-au-lait spots and
skeletal anomalies would raise the possibility of an inherited
form of AA, specifically FA, although FA can present in adults
without physical anomalies. Patients with FA most commonly
present between the ages of 3 and 14 years, but can occasion-
ally present later in their thirties or forties and very rarely early
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fifties. The findings of leucoplakia, nail dystrophy and pigmen-
tation of the skin are characteristic of DC, with a median age
at presentation of 7 years (range 6 months to 26 years). Some
affected patients may have none of these clinical features and
the diagnosis is made later after failure to respond to IST. For
patients with AA and an inherited TERC/TERT mutation, the
family history is very important as the pedigree may reveal pul-
monary fibrosis, cirrhosis, osteoporosis, avascular necrosis of
bone, low blood counts or cancer. A previous history of mal-
absorption or neutropenia may underlie a diagnosis of SDS in
children or young adults, especially as the malabsorption often
resolves in later life. A preceding history of jaundice, usually 2–3
months, strongly suggest sero-negative, posthepatitic AA.

Diagnostic investigations and differential
diagnosis (Table 11.1)

To diagnose AA with certainty, it is important to consider
other possible causes of pancytopenia with a hypocellular bone
marrow and to exclude an inherited form of AA, as this will
have important implications for treatment options, the choice
of conditioning regimen and donor for HSCT, genetic screen-
ing and counselling of family members. All patients should be
screened by cytogenetics and for a PNH clone. See Table 11.1
for summary of laboratory assessment of a newly presenting
patient.

Management

General comments relating to the management
of AA
Because AA is a rare disease, the haematologist responsible for
the patient should contact a centre/specialist with expertise
in AA soon after presentation to discuss a management plan
for the patient. Patients should be offered the opportunity to
be reviewed in a specialist centre. Whenever possible, patients
should be enrolled into prospective national or international
trials.
Prior to administration of specific treatment for the disease,

the patient should be stabilized clinically in terms of control-
ling bleeding and treating infection. The presence of infection
is an adverse factor for outcome after HSCT, although it may
sometimes be necessary to proceed with HSCT in the presence
of active infection, particularly fungal infection. In this setting,
transplantation may offer the best chance of early neutrophil
recovery, and delaying the transplantmay risk progression of the
fungal infection.

Supportive care
Transfusions
Support with red cell and platelet transfusions is essential for
patients with AA to maintain a safe blood count. Current prac-
tice is to give prophylactic platelets when the platelet count is
below 10 × 109/L (or higher in the presence of fever, sepsis or

bleeding). Fatal haemorrhage, usually cerebral, is more common
in patients who have less than 10 × 109/L platelets, extensive
retinal haemorrhages, buccal haemorrhages or rapidly spread-
ing purpura. Other important practicalmeasures to help prevent
bleeding include good dental hygiene, and control of menorrha-
gia with appropriate hormone therapy.
A common problem inmultitransfused AA patients is alloim-

munization to leucocytes present in red cell and platelet transfu-
sions by generating HLA or non-HLA (minor histocompatibil-
ity) antibodies. Universal leucodepletion has probably reduced,
but not eliminated the incidence of alloimmunization; the inci-
dence in AA was around 30–50% in the preleucodepletion era.
Alloimmunization can result in platelet refractoriness, as well
as an increased risk of graft rejection after allogeneic BMT.
Patients who become refractory to platelet transfusions should
be screened forHLA antibodies, once other non-immune causes
have been excluded, if present HLA-matched platelets should
be used. Novel approaches, including the use of HLA epitope-
matched platelets, are currently being evaluated in clinical trials
in view of the shrinking HLA-typed donor pool.
Platelet transfusions should be given to maintain a safe

platelet count and blood transfusions to allow normal daily
activities. Transfusions should not be withheld for fear of
sensitizing the patient. Directed blood and platelet donations
from family members should be avoided, as the recipient may
become sensitized to minor histocompatibility antigens from
the potential bone marrow donor, increasing the risk of graft
rejection.
Even though there is no evidence base, the British Com-

mittee for Standards in Haematology now recommends empir-
ically the use of irradiated blood components for all AA
patients receiving ATG. The rationale for this is twofold. Firstly,
animal data demonstrate that irradiation of all red cell and
platelet transfusions before HSCT in addition to leucodeple-
tion, further reduces the risk of sensitization to minor histo-
compatibility antigens (and hence reduced risk of graft rejec-
tion after allogeneic HSCT). Secondly, irradiated blood prod-
ucts would abolish the potential risk of transfusion-associated
GVHD associated with ATG therapy. Transfusion-associated
GVHD has very rarely been reported after ATG. Rabbit ATG
is more immunosuppressive than horse ATG, results in a pro-
longed period of lymphopenia and has a longer half-life and
higher-affinity IgG subtype to human lymphocytes than does
horse ATG.
The use of granulocyte transfusions is being re-evaluated as

supportive therapy in patients with life-threatening neutrope-
nia. Adverse events, such as febrile reactions, HLA alloim-
munization and transfusion-related acute lung injury, are
well-recognized complications following granulocyte transfu-
sions. Irradiated granulocyte transfusions are used to support
patients with fungal/mould disease or bacterial sepsis who are
severely neutropenic and not adequately responding tomaximal
antibiotics.
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Iron chelation therapy
Many AA patients require multiple red cell transfusions leading
to transfusion haemosiderosis. Iron overload impacts adversely
on outcome after allogeneic BMT. Iron chelation therapy should
commencewhen the serum ferritin is above 1000 μg/L, although
the evidence base for this is lacking. It may be difficult to deliver
subcutaneous desferrioxamine to AA patients on account of
local haemorrhage and infection from subcutaneous injections.
Alternative oral agents include deferiprone and deferasirox
(Exjade). Because of a high incidence of agranulocytosis with
deferiprone, it is not used routinely in patients with AA.
Results of a recent prospective study of deferasirox in 166 iron-
overloaded AA patients showed the safety and also the ability
to reduce ferritin (median fall in serum ferritin of 946 μg/L),
although in view of renal toxicity of the drug, extra vigilance
should be used in those on CSA.

Infections
Patients with AA are at risk of bacterial and fungal infections,
depending in part on the degree of neutropenia. Very severe
neutropenia (neutrophils < 0.2 × 109/L) carries a high risk.
If there is severe neutropenia, either non-absorbable antibi-
otics or oral quinolone are administered to reduce the poten-
tial pathogenic load from the gastrointestinal tract, althoughnei-
ther is standard practice in the USA. Oral hygiene is important.
Entry sites for venous access are potential sources of systemic
infection. Patients with AA are at high risk of fungal infec-
tion, includingAspergillus. Fluconazole provides no protection
against Aspergillus species, for which the drugs of choice are
itraconazole, which has clinically significant, but manageable
or avoidable interactions with other drugs, and posaconazole,
which has not yet been shown to be superior in efficacy to itra-
conazole.
Fever should be treatedwith broad-spectrumantibioticswith-

out waiting for laboratory isolation of organisms, and with
early introduction of systemic antifungal therapy if fever fails to
respond to antibiotics. Chest radiography, CT scan of chest and
sinuses should be part of the investigation of new or persistent
fever. G-CSF is usually ineffective in severe AA due to a marked
reduction or absence of myeloid progenitor cells, although it is
reasonable to consider giving a short course in life-threatening
infections.

Indications for treatment of AA (Figure 11.4)
The two main treatment options for AA are allogeneic HSCT
or IST with ATG and CSA, based on disease severity, age of
the patient, availability of a matched sibling donor, patient co-
morbidities and patient choice. For patients with severe AAwho
are under 35–50 years of age, the first-line treatment is matched
sibling donor HSCT. EBMT data show similar outcomes for
patients aged 40–50 to those aged 30–40 years. However, co-
morbidities should be carefully assessed to determine fitness for
up-front transplant instead of immunosuppressive therapy for

patients aged 35–50 years. For all other patients who require
treatment, namely those with non-severe AA or those older than
35–50 years, IST is the first option. Unrelated donor HSCT is
indicated for adults after failure to respond to one course of IST,
for those patients who lack a matched sibling donor. Upfront
MUD HSCT may be considered in children who lack a MSD
if a suitable donor is readily available.
The standard regimen for IST comprises the combination of

horseATGandCSA.Corticosteroids should not be given to treat
AA, except to prevent and treat serum sickness, as they are inef-
fective and encourage fungal and bacterial infections.

Immunosuppressive therapy
Antithymocyte globulin: properties, mechanism of action
and administration
ATG is a polyclonal IgG antibody preparation produced by
immunizing horses or rabbits with human thymocytes. Its
mechanism of action in AA is not entirely clear. Possible mech-
anisms include the following:
1 T cell depletion by complement-mediated lysis;
2 destruction of activated cytotoxic T lymphocytes by Fas-
mediated apoptosis and antibody-dependent cellular cytotoxi-
city;
3 reduced apoptosis and Fas expression on AA CD34+ bone
marrow cells;
4 direct stimulation of normal and AA CD34+ bone marrow
cells and amitogenic effect in the absence of complement result-
ing in release of HGFs;
5 direct stimulation of T regulatory cells has been demonstrated
when normal bone marrow mononuclear cells are incubated
with rabbit ATG.
In the UK, most of Europe and many other countries, the

standard preparation of ATG has until recently been horse ATG
(Lymphoglobuline, Genzyme). The rabbit preparation (Thy-
moglobuline, Genzyme) was usually reserved for second or sub-
sequent courses. From June 2007, horse ATG (Lymphoglobu-
line) was withdrawn due to manufacturing difficulties in main-
taining quality control. In theUSA, horseATG (ATGAM,Pfizer)
is still widely used. Horse ATG (ATGAM, Pfizer) is preferred
to rabbit ATG as it results in a higher response rate (68% at 6
months compared to 37% for rabbit ATG, Table 11.2) and bet-
ter survival, despite rabbit ATG beingmore immunosuppressive
than horse ATG in terms of the degree and duration of lym-
phodepletion, indicating that different mechanisms are impor-
tant in the mode of action of the two agents.
ATG is a powerful immunosuppressive drug, given as an inpa-

tient treatment and requires very careful monitoring, the pro-
phylaxis and treatment of fevers and infections, as well as ade-
quate (and sometimes intensive) platelet transfusion support.
ATG is given as a daily intravenous infusion usually over 12–
18 hours through a central venous catheter. Instead of giving a
separate test dose, most centres give the first 100 mL of the first
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 Refractory Aplastic Anaemia
Persistence of severe cytopenia(s) 
after one course of IST (ATG +CSA)

    Availability of suitably 
matched donor

Yes No

HSCT 
Matched sibling (>35–50yr)

or unrelated donor

Alternate donor HSCT
• Haplo-identical
• Umbilical cord

Repeat course of IST
2nd course ATG +CSA

Alternate/experimental
• Alemtuzumab
• Trial of androgens
• Eltrombopag
• Experimental therapy
 in clinical trials

Patient
< 35–50yr

?

No response

Age of the
patient?

HLA ID
sibling donor

>50yr35–50yr≤35yr

HLA matched
sibling HSCT

Unrelated
donor HSCT

Horse ATG
(ATGAM)
with CSA

Children Or

No response
at 3–6 months

No response
at 3–6 months

Or

Yes No

(a)

(b)

Figure 11.4 (a) Treatment of severe aplastic
anaemia; (b) treatment of refractory severe
aplastic anaemia. For patients age 35–50 or
>50 years, who fail to respond to first line IST,
HSCT may be considered, using a matched
sibling donor, or a suitably matched unrelated
donor if no matched sibling is available.

infusion very slowly over 1 hour to assess for possible anaphy-
laxis. Allergists maintain that this is inadequate to prevent ana-
phylaxis as the amounts delivered are relatively large. The dosage
of horse ATG (ATGAM) is 40 mg/kg daily for 4 days and rabbit
ATG is 3.75 mg/kg for 5 days.
Immediate side-effects are allergic and occur commonly,

including fever, rigors, rash, hypertension or hypotension
and fluid retention. Each daily dose should be preceded by
intravenous methylprednisolone and chlorpheniramine. In the

USA, patients are pretreated with diphenhydramine and pethi-
dine if fever and chills have occurred. Platelet transfusions
should be given to maintain a safe platelet count (ideally
> 30 × 109/L; in the USA, a threshold of > 20 × 109/L is used).
Prior to starting ATG, patients should be assessed to ensure
adequate platelet increments with random donor platelets. Poor
platelet increments should be investigated beforehand. Patients
are often in isolation with reverse barrier nursing, but this
is not standard practice in the USA. Fevers are treated with
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broad-spectrum antibiotics. Intravenous methylprednisolone
(or oral prednisolone) and paracetamol are given at least 30 min
before each daily dose of rabbit ATG 1–2 mg/kg, with reduction
of the prednisolone dose by half every 5 days. Prednisolone is
given to help prevent serum sickness. Serum sickness typically
occurs between 7 and 14 days from the start of ATG treatment.
The common symptoms of serum sickness include arthralgia,
myalgia, rash, fever, mild proteinuria and platelet consumption,
often necessitating increased platelet transfusion support.
There are no indications for routine use of daily G-CSF

(administered for 3 months) with ATG and CSA as three
prospective randomized studies comparing ATG, CSA and
G-CSF with ATG and CSA alone demonstrated no difference
in response and survival between the two groups, and there is
concern about G-CSF stimulating low-levelmonosomy 7 clones.
Attempts to augment responses and reduce relapse by incor-
poration of high-dose corticosteroids, mycophenolate mofetil
(MMF), sirolimus or androgens to standard IST (ATG andCSA)
have not met with any success.

Survival after ATG
Data from EBMT and large single centres confirm that over
the last three decades overall survival after ATG therapy has
improved steadily, with 5-year survival of around 80% reported
(Table 11.2). The reasons for improved survival have been dif-
ficult to assess formally, but likely factors include: (i) improved
supportive care for prevention and treatment of infections, espe-
cially superior antifungals and better availability and quality of
blood products, (ii) the use of CSAwith ATG and (iii) successful
second-line therapies, including another round of ATG, unre-
lated donorHSCT (UDBMT) in younger patients and allogeneic
HSCT in older adults (see also Chapter 35).

Predictors of response to ATG
Patients with non-severe AA are more likely to respond than
are patients with severe or very severe AA. Other predictors are
younger age, absolute reticulocyte count (ARC)>25× 109/L and
absolute lymphocyte count (ALC) >1 × 109/L, which correlate
with response to ATG.
Several studies have examined whether the presence of a

PNH clone is associated with response to ATG, with conflict-
ing results. This may reflect differences in sensitivity of the test
used to detect a PNH clone. Those using very sensitive tests to
detect GPI-deficient clones of less than 0.003 cells show a strong
correlation with response.
HLA type may also correlate with response to immuno-

suppressive therapy. A Japanese study showed that HLA-
DRB1*1501 associated with response to CSA. Although
HLA-DR15 or DRB1*1501 predicts response to ATG in white
patients with MDS, no association was seen in AA patients.
More recently, the same Japanese group demonstrated that of
the 30 different DRB1 alleles, only DRB1*1501 and DRB1*1502
occurred more frequently in AA than in controls, and that

response to ATG and CSA was only associated with DRB1*1501
in the presence of a PNH clone. Thus specific HLA haplotypes
correlate with response to immunosuppressive therapy in
Japanese patients, but similar studies in white Europeans are
lacking.
Recent studies from NIH indicate that shortened telomere

length does not preclude initial response to immunosuppressive
therapy, but predicts relapse after ATG and is a risk factor for
later cytogenetic abnormalities and evolution toMDS andAML.
Thus telomere length at diagnosis may reflect depleted stem
cell reserve so that prolonged stem cell division is not possible,
resulting in later relapse; later clonal evolution reflects genomic
instability of the critically shortened telomeres.

Repeat courses of ATG
A second course of immunosuppression may be administered
(horse ATG, rabbit ATG, or alemtuzumab). The response rate
following a second course of ATG (horse or rabbit) for relapse
is around 60%, but only about 35% for patients who did not
respond to the first course. A study from Japan examined
prospectively the outcome of 52 children who failed one course
of horse ATG, and who went on to receive either a second
course of horse ATG or an unrelated donor HSCT. The response
to a second course of ATG was only 11%, with a 5-year failure-
free survival of only 9.5%. Another study has assessed the value
of giving three courses of ATG. Among those patients who
showed no response to the first or second courses, there were
no sustained responses, but for those who had relapsed after
two previous courses, all responded to a third. For patients
receiving more than one course of ATG, the risk of anaphylaxis
may be higher. Serum sickness is still unpredictable, though it
may occur earlier following a second course of the same animal
preparation of ATG.

Late complications after ATG
Relapse occurs in up a third of patients when CSA is withdrawn
at 6 months. A more prolonged course of CSA with a later slow
tapering of the drug reduces the relapse risk to around 13–16%,
although recent data from NIH show that a long course of CSA
only delays but does not prevent relapse. About one-third of
patients are CSA dependent and require a small dose long term.
CSA can be continued for at least 12 months after a maximal
response before starting to taper the drug, followed by a very
slow taper, for example by 25 mg every 3 months.
Patients treated with ATG are also at risk of developing clonal

disorders, such as PNH, MDS and AML. Long-term follow-up
from a large NIH cohort showed 35% relapse at 5 years, and 10%
risk of PNH and 15% risk of clonal evolution, excluding PNH, at
10 years. A previous study fromNIH showed 20% risk at 10 years
of clonal cytogenetic abnormalities afterATG. Reported risk fac-
tors for developingMDS/AML include repeated courses of ATG,
older age, and high doses, prolonged duration of G-CSF with
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ATG and CSA, shortened telomeres and presence of acquired
somatic mutations in genes known to bemutated inMDS/AML.

ATG treatment in older patients and children
For patients > 60 years old, the response rate and survival rate
are lower compared with younger patients, with a higher risk
of bacterial and fungal infections, bleeding and significant car-
diac events after ATG. Although there is no upper age limit for
ATG treatment, consideration for treatment should be preceded
by medical assessment to exclude significant comorbidities and
hypocellularMDS. For older patients who are not candidates for
ATG, CSAmay be considered, but there is increased risk of renal
toxicity and hypertension.
Excellent response to ATG is seen in children. Current

response rates are around 75%, with 90% long-term survival, but
issues of relapse and clonal evolution persist. In view of excellent
outcomes after MUD HSCT in children using alemtuzumab-
based regimens, upfrontMUDHSCTmay be considered instead
of ATG when an MSD is not available.

Other drugs used in AA
Cyclophosphamide
High-dose (200 mg/kg) and recently ‘moderate-dose’ (120
mg/kg) cyclophosphamide (Cy) has been used to treat AA in
the absence of stem cell support, following the observation that
complete autologous haematological recovery occurs in a small
number of patients undergoing allogeneic sibling BMT using
Cy. Although durable responses were seen, the predictable and
markedly prolonged cytopenias exposed patients to a high risk
of fatal fungal infections and a significant increase in use of
blood and platelet transfusions, days of intravenous antibiotics
and amphotericin, and inpatient days in hospital. In addition,
HDC treatment does not eliminate the risk of clonal events or
relapse. Consequently, the use of Cy in the treatment of AA is
not recommended.

Alemtuzumab
The anti-CD52 monoclonal antibody alemtuzumab (Campath-
1H) is effective in other autoimmune disorders such as multiple
sclerosis, autoimmune cytopenias and the vasculitides. NIH
investigated the use of alemtuzumab monotherapy (10 mg
intravenous for 10 days) without CSA in AA and induced
heterogeneous responses; 56% in relapsed setting, 37% in
refractory disease and 19% in treatment-naı̈ve AA. Alem-
tuzumab can alternatively be given subcutaneously. The ease of
administration, its efficacy even without concurrent use of CSA
and the relatively good safety profile, makes alemtuzumab an
alternative choice of IST in relapsed/refractory AA for salvaging
transplant-ineligible patients.

Eltrombopag
Eltrombopag, an oral thrombopoietin mimetic, licensed in
chronic immune thrombocytopenic purpura, induces platelet
maturation and release by binding to c-MPL receptors on

megakaryocytes (Chapter 42). In a recent prospective study of
43 patients with refractory severe AA, eltrombopag induced
responses in 40% patients; responses included tri/bilineage,
were robust and led to normalization of cellularity. Trilineage
responses, although surprising, might indicate stimulation of c-
MPL receptors on remaining stem cells. The drug was well toler-
ated and there were no reports of increased reticulin or collagen
fibrosis in the bone marrow, although new cytogenetic abnor-
malities, especially monosomy 7, were detected. The safety of
eltrombopag needs to be evaluated further in prospective clini-
cal trials, especially in view of the possible link to clonal evolu-
tion. The early and rapid response seenwith eltrombopag has led
to design of prospective trials with incorporation of this agent
along with ATG+CSA for first-line treatment of AA. Eltrom-
bopag has now had FDA approval for refractory SAA.

Androgens
Androgens, such as oxymetholone, have been used historically
for the treatment of AA prior to availability of ATG/CSA, subse-
quently as an adjunct to ATG and are still used in certain devel-
oping countries for first-line treatment of AA. Androgens lead
to increased telomerase activity via aromatization of oestradiol
to steroids and hence induce responses in patients with telom-
eropathies who manifest as apparent acquired AA.

Haemopoietic stem cell transplantation

Outcomes following allogeneic HSCT for acquired AA, whether
from a matched sibling donor (MSD) or a matched unrelated
donor (MUD), have steadily improved over time. More recently,
significant improvements have been observed formatched unre-
lated donor HSCT for AA patients failing immunosuppres-
sive therapy, with 80–90% survival and the best results seen in
younger patients (see also Chapter 35).

Allogeneic HSCT
Conditioning regimens
For MSD HSCT, the standard immunosuppressive, non-
myeloablative conditioning regimen for patients < 30 years old
is high-dose cyclophosphamide 200mg/kg, which results in sur-
vival of at least 80% in younger patients For patients > 30 years
old, a fludarabine-based regimen is used, with a lower dose of
cyclophosphamide, with eitherATG (‘FCATG’) or alemtuzumab
(‘FCC’), to reduce rejection and GVHD, and improve outcomes.
Alemtuzumab is associated with a lower incidence of GVHD,
especially chronic GVHD compared to ATG. Standard GVHD
prophylaxis is with CSA and methotrexate, although CSA alone
is sufficient in the setting of alemtuzumab. Because AA patients
are at risk of late graft failure, CSA is usually continued for 12
months after HSCT.
For MUD HSCT, the conditioning regimen is identical to

that used for older patients undergoing MSD HSCT using
either FCATG, with addition of low dose (2Gy) TBI, or FCC
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without TBI. Recent studies using alemtuzumab-based condi-
tioning show 90%OS in children and around 80% in adults; and
70% in patients > 50 years old. High-resolution HLA tissue typ-
ing is now routine for selection of MUDs.

Dose and source of haemopoietic stem cells
It is important to give at least 3 × 108 nucleated marrow cells/kg
and > 2 × 106 CD34+ cells/kg, because lower doses delay neu-
trophil engraftment and increase the risk of graft rejection. The
strongly preferred stem cell source is BM for ATG-containing
regimens, due to higher incidence of chronic GVHD and worse
survival with PBSC, but either BM or PBSC can be used for
alemtuzumab-based conditioning.

Chimerism
Using polymerase chain reaction for short tandem repeats on
unfractionated bone marrow or peripheral blood mononuclear
cells, the Dublin group, in collaboration with EBMT, reported
mixed chimerism in 25% of HSCTs for AA. Patients with
mixed chimerism may have either stable or progressive mixed
chimerism. All the cases of graft failure occurred in the pro-
gressive mixed chimerism group, of whom 50% rejected their
grafts. More often now, chimerism is examined in T-cells (CD3)
andmyeloid cells (CD15) andmost patients have stable mixed T
cell chimerism with full donor myeloid chimerism when using
alemtuzumab-based conditioning, with excellent survival and
very low incidence of chronic GVHD, suggesting a state of tol-
erance may be achieved.

Graft-versus-host disease
GVHD (especially chronic) is one of the most serious compli-
cations, as it adversely impacts on performance status, quality

of life and survival after marrow transplantation, especially in a
disease like AA where there is no advantage in having a graft-
versus-disease effect (Table 11.3), but the risk is reduced when
using alemtuzumab-based conditioning.
The risk factors for chronicGVHD include: (i) history of prior

acute GVHD, (ii) infusion of non-irradiated donor buffy coat
cells (thismanoeuvre was used previously to overcome the prob-
lem of graft rejection, but was abandoned because of the high
incidence of chronic GVHD), (iii) older patient age, (iv) the use
of peripheral blood stem cells and (v) the use of ATG compared
with alemtuzumab-based conditioning regimens.

Long-term complications of HSCT
Fertility is usually well preserved when irradiation is not used
in the conditioning regimen, and the chances of pregnancy or
fathering a child are much higher in patients who receive a mar-
row transplant for AA than for haematological malignancies.
Pregnancies in patients transplanted for AA usually have a suc-
cessful outcome. Less long-term data are available using fludara-
bine with lower-dose Cy regimens, although cases of successful
pregnancy have been reported. For patients of child-bearing age,
referral to an assisted conception unit for discussions on fertility
should be offered. Men should be offered sperm storage.
There is an increased frequency of solid tumours after HSCT

for AA, but the risk is lower than in patients transplanted for
haematological malignancies when irradiation is avoided. The
risk is also lower in the absence of chronic GVHD. Monitor-
ing of late effects should follow international guidelines, includ-
ing routine surveillance for secondary malignancy, endocrine,
metabolic, bone (including avascular necrosis) and cardiovas-
cular risks.

Table 11.3 Outcomes of HLA matched sibling donor HSCT from recent studies using high dose cyclophosphamide (Cy) ± antithymocyte
globulin (ATG) conditioning.

Study
Number of
patients Conditioning

Follow-up
(years) Overall survival Acute GVHD

Chronic
GVHD Graft failure

Bacigalupo, 2012
EBMT study

1886 Cy±ATG
predominantly

BM: 92%
PB: 80%

BM: 11%
PB: 17%
(Gd II-IV)

BM: 11%
PB: 22%

BM: 5.5%
PB: 7.2%

Konopacki, 2012
Paris study

61 Cy+ATG 6 (0.6–19) 85% at 6 yr 23% Gd II-IV 32% CI 3.2%

Sanders, 2011
Seattle study,
children

118 Cy±ATG 22 (1–38) 82% at 30 yr 30% Gd II-III 30% N/A; autologous
recovery in 2

Gupta, 2010,
CIBMTR study

1307 Cy±ATG
predominantly

Age <20: 82%
20-40: 72%
>40: 53% at 5 yr

11%
17%
27%

11%
25%
27%

17% (lack of
13% neutr.
12% recovery)

ATG, antithymosyte globulin; BM, bone marrow; CIBMTR, Center for International Blood and Marrow Transplant Research; Cy, ciclosporin; EBMT,
European Group for Blood and Marrow Transplantation; gd, grade; N/A, not available; PB, peripheral blood.

186



Chapter 11 Acquired aplastic anaemia and paroxysmal nocturnal haemoglobinuria

Alternative donor HSCT
Umbilical cord blood transplantation
Experience in acquired AA is still limited. The largest study of
unrelated cord blood transplantation (CBT) in acquired AA is
reported by the combined EUROCORD/EBMT SAAWP. The
main problem was engraftment failure in around 50% patients.
A reduced intensity conditioning regimen is used. Because of the
high risk of non-engraftment, a higher cell dose (EBMT recom-
mendation is to use > 4 × 107 TNC/kg) is required compared
to doses used in CBT for leukaemia and with no more than
2/6 HLA mismatches in the cord unit(s). As for haploidentical
HSCT (see below), all patients must be screened for HLA anti-
bodies thatmay be directed against HLA antigens present on the
cord units and thereby increase the risk of rejection, so that only
cord units lacking that antigen(s) are used.

Haploidentical HSCT
The key advantages of haploidentical HSCT are that a graft is
available for most patients, the time to procure the graft is short,
and the cost is low. A novel approach is reduced intensity con-
ditioning with high dose Cy given on day + 3 and + 4 post-
transplant to prevent GVHD by depleting alloreactive donor
T cells, but sparing quiescent, non-alloreactive T cells. This
promising approach is undergoing further evaluation in AA
throughout Europe.

Paroxysmal nocturnal haemoglobinuria

Introduction

Paroxysmal nocturnal haemoglobinuria (PNH) has fascinated
haematologists since its first definitive description in 1882 by
Paul Strübbing. PNH is unique as an acquired haemolytic dis-
order in which the defect is intrinsic to the red cell. Patients
have a propensity to develop thromboses that are frequently
life-threatening. PNH is also associated with bone marrow fail-
ure and indeed may provide a unique insight into the patho-
physiology of a variety of bone marrow failure syndromes.
Recently, the development of the terminal complement inhibitor
eculizumabhas revolutionized the treatment of PNH, but in turn
has revealed further insights into the pathophysiology of the dis-
ease and into normal physiology. The treatment of PNH with
eculizumab is notwithout problems in that aminority of patients
have suboptimal responses and require modifications to maxi-
mize the benefits of therapy.

Pathophysiology

Glycosylphosphatidylinositol defect
PNH results from the expansion of an abnormal haemopoietic
clone that arises following an acquired mutation in a gene crit-
ical for the biosynthesis of glycosylphosphatidylinositol (GPI)
structures. These highly conserved GPI anchors are glycolipid
structures throughwhich a large number of cell-surface antigens

are attached to the cell membrane. Almost all patients with PNH
have the same biosynthetic defect in one of the early steps of
the pathway, namely the transfer of N-acetylglucosamine from
UDP-N-acetylglucosamine to phosphatidylinositol. In 1993,
Miyata and colleagues reported the cloning of the phosphatidyli-
nositol glycan complementation class A (PIGA) gene, which is
part of the enzyme complex involved in this step of the pathway
andwhich has subsequently been shown to bemutated in almost
all cases of acquired PNH reported to date.
Mutations of the PIGA gene are different between patients as

they are acquired not inherited. It appears that the mutation rate
of PIGA is similar to that of other genes and in fact populations
of PNH-likeGPI-deficient cells can be observed at extremely low
levels (1–10 per million cells) in most normal individuals, indi-
cating that occasional haemopoietic stem cells by chance acquire
PIGA mutations. Since the PIGA gene is located on the X chro-
mosome (Xp22.1), each somatic cell, male or female, only has
a single active copy and therefore a somatic mutation of this
active gene leads to deficiency ofGPI biosynthesis. GPI-deficient
clones only expand if there is an additional factor that encour-
ages their selection. The mechanism of this selective growth
advantage of PNHclones, which could be a second genetic event,
is of key importance in understanding the pathophysiology of
PNH. Amuchmore likely explanation is indicated by the associ-
ation between PNH and other bone marrow failure syndromes.

Association with bone marrow failure
PNH clones are detectable in up to 50% of patients with aplastic
anaemia and in a smaller proportion of patients with myelodys-
plastic syndrome. This suggests that such bone marrow fail-
ure syndromes are permissive for the expansion of PNH clones.
There is overwhelming evidence that aplastic anaemia is an
autoimmune disorder in which there is an aberrant immune
attack, probably by CD8 cytotoxic T cells directed against the
haemopoietic stem cell. It would therefore appear likely that
PNH stem cells, presumably due to GPI deficiency, evade this
immune attack. This implies that either the immune attack
in bone marrow failure syndrome is, at least in part, directed
through a GPI-linked structure or that the biology of the PNH
stem cell is abnormal, protecting it from immune-mediated
attack. Understanding PNHmay well provide an insight into the
mechanism of a variety of bone marrow failure syndromes and
provide a unique therapeutic target for these conditions.

Epidemiology

If PNH is defined as the presence of a PNH clone identified
during the investigation of bone marrow failure, haemolysis or
thrombosis, then the incidence of PNH in a series from the
UK was found to be 1.3 newly diagnosed patients per million
per year and the prevalence 15.9 patients per million popula-
tion. However, of these patients, 57% have less than 10% PNH
neutrophils, indicating that they are unlikely to have clinically
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significant haemolysis and only one-third reportedmacroscopic
haemoglobinuria. However the identification of the PNH clone
is important, even when it is small, as it suggests that the bone
marrow failure is likely to be immune mediated and because the
PNH clone can evolve over time so that patients may be at risk
of haemolysis and/or thrombosis.

Clinical features

Clinical triad
The clinical picture in PNH depends on the balance between
three components: intravascular haemolysis, bone marrow
failure and thrombotic complications. The chronicity of the
disease, with a median survival of 10 to 20 years even prior
to targeted therapy, causes continuous, high-level intravascular
haemolysis leading to other complications, including renal dis-
ease and cholelithiasis.

Haemolysis
PNH, the disorder with perhaps the most intense chronic
intravascular haemolysis, is characterized by episodes of
haemoglobinuria, during which the patient’s urine is often black
and which, for unknown reasons, is often worse in the morn-
ing. This episodic haemoglobinuria is frequently associated
with disabling symptoms including profound lethargy out of
keeping with the patient’s anaemia, abdominal pain sometimes
requiring opiates, dysphagia that can be temporarily absolute
and erectile dysfunction. The degree of haemolysis is associated
with the size of the PNH clone and particularly the proportion
of PNH type III (completely deficient) red cells. Macroscopic
haemoglobinuria is rarely seen unless there are at least 10%
type III red cells. However, patients with apparently identical
PNH clones can have a wide range of disease severity, from
very occasional attacks of haemoglobinuria without anaemia
to severe recurrent or even continuous haemoglobinuria and
transfusion dependence, suggesting that other important factors
influence the severity of the symptoms. It is possible that this
variation is due to the severity of underlying bone marrow
failure, to an inherent variation in complement activity or to
some other unidentified factor.
Many of the symptoms and complications of PNH

result directly from intravascular haemolysis. Free plasma
haemoglobin is immediately bound to haptoglobin and
removed, explaining why haptoglobin is depleted in every
patient. Free haemoglobin binds to and removes other gases
such as nitric oxide (NO). This depletion of NO in PNH
results in smooth muscle dysfunction, vasoconstriction, and
pulmonary and systemic hypertension. This leads to dyspha-
gia, abdominal discomfort, possibly due to intestinal spasm,
erectile dysfunction, severe lethargy, pulmonary hypertension
and possibly thrombosis, all classic symptoms of PNH. This
syndrome of NO consumption has only become clear since
the development of eculizumab (see below), which stops

intravascular haemolysis in almost all patients and abrogates
the clinical features of PNH.

Bonemarrow failure
The degree of anaemia and other cytopenias is a composite of the
activity of intravascular haemolysis and the degree of underly-
ing bonemarrow failure. The platelet count inmany patients is a
suitable surrogate for marrow function, but in some patients, for
example those with previous intra-abdominal thrombosis and
subsequent hypersplenism, there may be other causes for a low
platelet count. The presence of a PNH clone in patients with
bone marrow failure probably indicates that there is a signifi-
cant immune component to the marrow failure andmay suggest
that immune suppression is a reasonable therapeutic option. The
degree of bone marrow failure will also impact on the efficacy of
eculizumab, as this will only treat the component due to comple-
ment activity, such as intravascular haemolysis and thrombosis.

Thrombosis
Thrombosis occurs in 40–50% of patients with haemolytic
PNH, with a predilection for certain veins, such as the hepatic
veins (Budd–Chiari syndrome), other intra-abdominal veins or
the cerebral veins (Table 11.1). Approximately 10% of patients
present with a thrombosis as their initial clinical manifestation
of PNH. Recent data indicate that the thrombotic tendency in
PNH is in arterial aswell as venous sites, including cerebrovascu-
lar accidents andmyocardial infarctions at an early age. After the
first thrombosis, patients have a 7.8-fold increased risk of dying
compared with those patients who have not had a thrombosis. A
classical clinical scenario is that of downward spiralling throm-
botic events: after a first thrombosis, patients continue to experi-
ence further apparently discrete thromboses despite what would
be considered adequate anticoagulation with warfarin and/or
heparin until they eventually succumb. The cause of thrombo-
sis in PNH ismultifactorial including activation of PNHplatelets
by complement as well as intravascular haemolysis and NO con-
sumption, which may lead to endothelial damage and throm-
bosis. It is now clear that there is a close relationship between
the activation of both coagulation and complement with throm-
bin directly activating complement through the alternative path-
way. This explains why frequently patients enter a spiral of mul-
tiple and increasingly severe thrombotic complications as the
first thrombosis leads to complement activation leading to fur-
ther thrombosis andmore thrombin generation. Anticoagulants
are relatively ineffective at preventing this circle of catastrophic
thrombosis as they do not stop the activation of complement,
whereas eculizumab stops the further activation of complement
and usually interrupts this vicious circle of thrombosis.

Renal disease
All patients with haemolytic PNH develop heavy renal tubular
iron loading due to the continuous filtration of haemoglobin.
This is evident on both magnetic resonance imaging (MRI)
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Figure 11.5 Identification of PNH red cells by flow cytometry: (a) GPI anchor protein (e.g. CD59) expression on normal red cells (type I);
(b) A total of 46% of red cells are completely GPI anchor-deficient (type III); (c) a mixture of all three types of red cells are shown: type III,
10%; type II (partial GPI anchor expression), 54%; normal type I cells, 36%. (Source: S.J. Richards. Reproduced with permission.)

and post-mortem studies. The majority of patients will eventu-
ally develop chronic renal disease, with a minority progressing
to established chronic renal failure requiring dialysis. In addi-
tion, during times of very intense intravascular haemolysis and
haemoglobinuria, patients can rarely develop acute renal fail-
ure, which is potentially fully reversible, even though it may
require dialysis. Some patientsmay develop repeated episodes of
acute renal dysfunction. The use of nephrotoxic therapies, such
as ciclosporin, adds to the renal insult, as do rare complications
such as renal vein thrombosis.

Leukaemic transformation
There have been a number of case reports of myelodysplastic
syndrome and acute myeloid leukaemia (AML) in patients with
PNH, but only less than 5% of PNH patients in the larger series
develop AML. This is similar to the incidence of AML in aplas-
tic anaemia and since it seems the majority, if not all, patients
with PNH have an underlying aplasia, then the rate of AML is
no higher than would be expected, suggesting that the GPI defi-
ciency has no impact on leukaemogenesis.

Spontaneous remission
PNH often develops in young adults between 20 and 40 years
old. Historically, most patients with PNH have either died as a
direct or indirect result of their disease or have suffered from
the disease for the remainder of their life. In a series of 80

haemolytic PNH patients reported in 1995, initially diagnosed
between 1940 and 1970, median survival was 10 years and 12
of the 35 patients surviving at least 10 years experienced spon-
taneous remission. Analysis of GPI-linked antigens on blood
cells up to 20 years after spontaneous clinical remission demon-
strated that themyeloid series was entirely normal with no resid-
ual PNH cells, whereas there was a small PNH clone in the lym-
phoid compartment (presumably these are long-lived memory
cells). Early reports suggest that a proportion of patients treated
with eculizumab have a progressive decrease in the size of their
PNH clone, perhaps suggesting that remission may occur.

Investigation

The diagnosis of PNH was historically made by demonstrating
the sensitivity of red cells to lysis by activated complement in the
Ham test or similar. However, these tests only gave an indirect
assessment of the proportion of PNH red cells and have been
superseded by flow cytometry. Peripheral blood flow cytomet-
ric analysis of at least two cell lineages (e.g. neutrophils and red
cells), with a transmembrane marker to positively identify the
cell type and at least two separate GPI-linked antigens to clearly
separate PNH cells from their normal counterparts (Figures 11.5
and 11.6). In most patients there is a population of red cells
with complete deficiency of GPI-linked molecules (PNH type

C
D

1
5
 A

P
C

-A

105

104

103

0

(a) Granulocytes

10050
SSC-A (× 1000)

150 200 250
–380

0

C
D

2
4
 P

E
-A

105

104

103

104103–1322

(b)

0
CD16 PerCP-Cy5-5-A

105
–503

0

Figure 11.6 Identification of PNH
granulocytes by multicolour flow cytometry:
(a) granulocytes identified based on CD15
expression and side scatter; (b) analysis of
CD16 and CD24 (both GPI-linked proteins)
reveals a small population of PNH
granulocytes (10%) that are deficient in both
proteins. (Source: S.J. Richards. Reproduced
with permission.)

189



Postgraduate Haematology

III cells, the most complement-sensitive cells) and, in some, an
additional population with partial GPI deficiency (PNH type II
cells, intermediate complement sensitivity). Type II and III are
usually not evident in the neutrophils. The size of the PNH clone
correlates with the risk of complications, such as thrombosis,
and the severity of haemolysis. In addition, the evolution of the
clone (either its expansion, leading to more haemolytic disease,
or its reduction, ultimately leading to spontaneous remission)
can be tracked.

Treatment

Supportive care
Conventional management in PNH has been supportive. The
severity of haemolysis varies greatly between patients, in part
dependent on the size of the PNH clone and the degree of
underlying bone marrow failure. However, even patients with
no evidence of clinically apparent marrow failure and large
PNH clones can have highly variable levels of haemolysis. Some
patients experience recurrent, even continuous, haemoglobin-
uria and are transfusion dependent, whereas others experience
haemoglobinuria only rarely, or not at all, do not require any
transfusions and have a well-compensated haemolytic anaemia.
Patients with a significant degree of haemolysis should receive
folic acid supplementation. The constant haemosiderinuria
means that patients, even those who require regular transfu-
sions, have a tendency to become iron deficient. This iron defi-
ciency can result in failure of the marrow to compensate for the
increased red cell destruction and therefore increasing anaemia.
Iron supplementation has been reported to precipitate episodes
of intravascular haemolysis, but usually patients tolerate oral
iron supplements well and should be treated when iron defi-
ciency is present.
Patients should be transfused according to their symptoms.

Incidental infections lead to an increase in haemolysis, presum-
ably due to activation of the complement system, and frequent
sudden drops in the level of haemoglobin. These episodes are
often associated with severe symptoms of abdominal pain, dys-
phagia and debilitating lethargy.
Corticosteroids have been widely used in the treatment of

haemolysis in PNH. At high doses, steroids appear to have an
effect of reducing the activity of complement and some patients
report an improvement in symptoms. However, high doses are
required to have a clinically useful effect and as the haemolysis
in PNH is chronic, the required dose is too high. Steroids are
therefore not generally recommended in PNH as the long-term
side-effects outweigh the potential benefits.

Thrombosis
The major cause of morbidity and mortality in PNH is throm-
bosis, which usually affects the venous system, particularly the
intra-abdominal and cerebral vessels, but also appears to result
in arterial thrombosis (Table 11.4). The chance of developing

Table 11.4 Sites of thrombotic events in haemolytic PNH.

Venous thrombosis
Deep vein thrombosis 41 (33.1%)

Lower extremity 23 (18.5%)
Other 18 (14.5%)

Mesenteric/splenic vein thrombosis 23 (18.5%)
Hepatic/portal vein thrombosis 21 (16.9%)
Pulmonary embolus 8 (6.5%)
Cerebral/internal jugular thrombosis 7 (5.6%)
Superficial vein thrombosis 5 (4.0%)

Arterial thrombosis
Cerebrovascular accident/TIA 17 (13.7%)
Myocardial infarction/unstable angina 2 (1.6%)
Total 124 (100%)

Source: Hillmen et al., 2007 [Blood 2007;110: 4123–8]. Reproduced
with permission of The American Society of Hematology.

a thrombosis depends on the size of the PNH clone and the
severity of haemolysis, two variables that are closely related;
half of patients with over 50% PNH neutrophils will develop
a thrombosis at some point in their disease course. In most
series, approximately one-third of patients will eventually die
as a result of thrombosis. It appears that primary prophylaxis
with warfarin is effective in preventing thrombosis, but carries
a significant risk in this patient group. Aspirin does not appear
to be protective against thrombosis and has no effect on the
symptoms of PNH such as abdominal pain (Peter Hillmen,
unpublished observation). It seems very likely that primary
prophylaxis with warfarin is unnecessary for patients receiving
the anticomplement monoclonal antibody eculizumab, as this
agent significantly reduces the risk of thrombosis in PNH (see
further on). There are no published data for the use of novel
anticoagulants in PNH.
The treatment of established thrombosis is similar to theman-

agement of thrombosis in patients without PNH, except for
the addition of immediate treatment with eculizumab (see fur-
ther on). However, in view of the risk of recurrent thrombosis,
patients should remain on lifelong anticoagulation after their
first episode of thrombosis. Hepatic vein thrombosis (Budd–
Chiari syndrome) is one of the more common thromboses seen
in PNH and there have been reports of the successful lysis of
such thromboses using tissue plasminogen activator; this should
be considered even in patients who present with a relatively
long history suggesting that their thrombosis occurred days or
even weeks before. Current practice involves immediate use of
eculizumab along with anticoagulation in acute Budd–Chiari
syndrome, associated with PNH, to reduce mortality and long-
term sequelae.

Allogeneic stem cell transplantation
The only curative strategy for PNH is allogeneic stem cell trans-
plantation, but this carries a considerable risk of mortality. From
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the reported series and in view of the fact that a proportion of
patients will eventually experience a spontaneous remission of
PNH and with the advent of potentially effective novel thera-
pies such as eculizumab, transplantation should only be con-
sidered in selected cases, such as those with a syngeneic donor
or with associated bone marrow failure. In these patients the
indications for transplantation are similar to those for aplastic
anaemia.

Complement blockade
The development of eculizumab (Soliris), a humanized
monoclonal antibody that blocks the activation of terminal
complement, has dramatically altered the management and
prognosis in PNH. Eculizumab binds to C5 and stops it being
cleaved and, as long as trough plasma levels remain adequate,
prevents any activation of terminal complement. Individuals
with inherited terminal complement deficiency are either
asymptomatic or present with recurrent Neisseria meningi-
tidis (meningococcus) infections and this highlights the main
concern with eculizumab. The clinical features of PNH are due
largely to the absence of CD59 from haemopoietic cells and
therefore the uncontrolled activity of terminal complement
on PNH cells, making eculizumab an ideal candidate for the
targeted therapy of PNH. In the initial study, 11 patients with
transfusion-dependent haemolytic PNH were treated with
eculizumab using a schedule designed to maintain trough
levels to ensure that complement was completely blocked.
The responses were dramatic, with an immediate resolution
of the symptoms of intravascular haemolysis. This study was
followed by a randomized placebo-controlled Phase III trial
(TRIUMPH) and a non-randomized trial (SHEPHERD).
In total, 195 patients were included in these three trials,
which led to the licensing of eculizumab in the USA and
Europe in 2007. The results of these trials are summarized
below.

Efficacy of eculizumab
Intravascular haemolysis
Eculizumab has a profound and immediate effect on intravas-
cular haemolysis in PNH. The lactate dehydrogenase (LDH)
concentration, which is typically as much as 10–20 times nor-
mal in PNH, falls immediately in almost all patients treated
with eculizumab to normal or just above normal. In general
this results in increasing haemoglobin level which, depend-
ing on the degree of coexistent bone marrow failure as well as
the extent of extravascular haemolysis (see below), will reach
a plateau usually between 90 and 120 g/L. The most dramatic
effect of eculizumab is on the symptoms, with resolution of the
abdominal pain and dysphagia, and improvement in the severe
lethargy and the other features of haemolysis. In the vast major-
ity of patients transfusion requirements improve, with over half
of patients becoming transfusion independent. The dramatic

improvement in PNH-related symptoms is due to a marked
reduction in NO consumption during therapy as a result of the
improvement in intravascular haemolysis and thereby the reduc-
tion in free haemoglobin. This probably explains many of these
benefits of the drug and provides insights into the pathophysiol-
ogy of the symptoms of PNH. There is a dramatic and clinically
significant improvement in the quality of life of patients as mea-
sured by validated questionnaires. There is now evidence that
the adverse consequences of intravascular haemolysis, such as
renal damage and pulmonary hypertension, are ameliorated by
eculizumab.

Thrombosis
Eculizumab also protects patients from thrombosis. Com-
pared with thrombosis before patients commencing eculizumab
(effectively using patients as their own controls), the throm-
botic rate reduces by fivefold to tenfold. In patients who have
had a previous thrombosis and who are on anticoagulation,
there is still a high recurrent thrombosis rate prior to starting
eculizumab. However, since eculizumab became available, such
recurrent thromboses are extremely uncommon. Patients who
commence eculizumab during a ‘spiral’ of thrombotic events
stop having further thromboses, indicating that eculizumab
specifically targets the mechanism of thrombosis in PNH and
that this is a more effective strategy than conventional anticoag-
ulation alone. There is now increasing confidence that the catas-
trophic thrombotic complications of PNH can be much more
successfully managed with a combination of eculizumab and
anticoagulation. This observation will have an impact on the
decision to use warfarin prophylaxis: in cases where there are
concerns over the safety or requirement for warfarin prophy-
laxis, such as those with low platelets or with borderline PNH
clone sizes, it is clearly safer to withhold anticoagulation as long
as the use of eculizumab is an option for the patient should a
thrombosis occur.

Renal dysfunction
In the 195 patients entering the eculizumab trials, renal dys-
function or damage was observed in 65% of patients before they
were treated with eculizumab. In this series, 27% of patients had
developed major clinical kidney disease within 10 years from
their initial diagnosis of PNH and 21% of patients developed
late-stage chronic kidney disease (stage 3 or 4 as defined by the
Kidney Disease Outcomes Quality Initiative) or kidney failure
(stage 5). The early analysis of patients treated with eculizumab
suggests that many of the patients with early renal dysfunction
(stages 1 and 2)will improve, and the deterioration in renal func-
tion in patients with advanced renal dysfunction (stages 3–5) is
frequently stabilized. Thus eculizumab appears to have a benefi-
cial effect on renal function in PNH and this is presumably due
to the marked reduction in intravascular haemolysis and there-
fore in haemoglobinaemia and haemoglobinuria.
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Extravascular haemolysis with eculizumab
Despite the impressive impact on intravascular haemolysis,
most patients remain somewhat anaemic, maintaining their
haemoglobin between 90 and 120 g/L. Virtually all have a
persisting reticulocytosis and many continue to have a raised
bilirubin. These features are suggestive of ongoing extravas-
cular haemolysis, which has previously been unreported in
PNH. On further investigation it transpires that approximately
two-thirds of PNH patients on eculizumab develop a positive
direct antiglobulin test to complement only. Flow cytometry
demonstrates that the PNH red cells are coated by early com-
plement components (C3b and C3d), possibly because PNH
red cells, as well as being deficient in the principal controller
of terminal complement, namely CD59, do not express the
inhibitor of C3 convertase decay-accelerating factor (DAF). It
appears that preventing terminal complement activation leads
to a build-up of the early complement components, which
accumulate on PNH red cells due to their deficiency of DAF.
If intense, this extravascular haemolysis results in a poor
increase in haemoglobin and a minority of patients continu-
ing to require transfusions. If the transfusions are due to poor
marrow reserves and a lack of compensation, particularly in
patients with evidence of renal dysfunction, then treatment with
erythropoietin can lead to a clinically meaningful increase in
haemoglobin.

Eculizumab administration and dosing
Eculizumab is given as a 30-min intravenous infusion.
The aim is to rapidly block complement and to maintain
complement blockade continuously. The standard dosage
schedule for eculizumab comprises a loading dose of 600 mg
every week for 4 weeks, followed by 900 mg the next week
and then 900 mg every 2 weeks indefinitely. In the majority of
patients this is adequate to maintain trough levels of eculizumab
above 50 mg/L and therefore to block complement completely.
In approximately 10% of patients this dose is inadequate and
patients break through complement blockade. Patients appear
well with no signs of haemolysis until immediately before a
dose of eculizumab, but then develop dark urine often with
abdominal pain, sometimes with dysphagia, and a sudden
deterioration in the laboratory measures of haemolysis, such
as LDH and bilirubin, and a fall in the level of haemoglobin.
In this situation the maintenance dose of eculizumab is too
low and an increase, either by reducing the interval or more
conveniently by increasing the dose (from 900mg every 2 weeks
to 1200 mg every 2 weeks or even higher doses are usually
effective), will raise trough levels of eculizumab above 50 mg/L
and re-establish continuous control of haemolysis (Figures 11.7
and 11.8). Approximately 3% of Japanese individuals have a C5
polymorphism that prevents the binding of eculizumab and
means that they do not respond to eculizumab. These individ-
uals have no fall in their LDH after eculizumab dosing. Such

a lack of response has not yet been reported in non-Japanese
patients.

Infectious risk with eculizumab
Eculizumab is generally very well tolerated with few infusion-
related reactions. However, as noted above, blocking terminal
complement activity would be expected to increase the risk
of infection with Neisseria meningitidis (meningococcus). All
patients commencing eculizumab should be vaccinated with a
wide-spectrum meningococcal vaccine (ACWY Vax). The role
of newly available vaccine (Bexsero) to cover serotype B, which
is common in the UK, is being explored in the setting of comple-
ment deficiency. Although the risk of meningococcal infection
is a concern, the observed risk is less than 0.5 cases of meningo-
coccal infection per 100 patient-years on eculizumab. However,
when these infections occur they can be life-threatening and it
is vitally important to impress on patients that they should seek
medical help if they suffer any symptoms suggestive of infection,
and these are usually of septicaemia rather thanmeningitis. Pro-
phylaxis with penicillin is also recommended. There is no con-
vincing evidence as yet of an increased risk to any other organ-
ism except for N. meningitidis.

Pregnancy in PNH

It is difficult to estimate the true risk of pregnancy in PNH but
there is undoubtedly an increased risk of maternal morbidity
and mortality. The reported maternal mortality, mainly from
thrombosis, is between 12 and 21%, although this is likely an
overestimate due to biased reporting. In addition, an increased
fetal loss rate has been reported, although again this is difficult
to substantiate and is probably due to maternal factors. There
have now been a number of successful pregnancies in women
receiving eculizumab either later in pregnancy or throughout the
pregnancy from conception to delivery. The reports to date are
positive with little or no eculizumab crossing the placenta into
the fetus. It does appear that the metabolism of eculizumab may
be altered in pregnancy and women seem more likely to break
through complement blockade andmay need higher doses in the
latter part of pregnancy.

Prognosis

A series of 80 patients with haemolytic PNH diagnosed between
1940 and 1970 were reported in 1995 to reveal a median survival
of approximately 10 years from initial diagnosis of PNH. Amore
recent series of 465 patients reported from France, including
patients with small PNH clones as well as haemolytic PNH,
reported a median survival of 22 years. The major causes of
death in haemolytic PNH are thrombotic and since these are
virtually abolished by eculizumab therapy, a recent single centre
report demonstrated that the survival of patients with PNH
receiving eculizumab is very similar to an age-matched control
population.
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Figure 11.7 Breakthrough from complement blockade by
eculizumab due to inadequate dose level. The urine is clear with
lactate dehydrogenase (LDH) just above normal and no haemolytic
activity in the patient’s serum at day 12 after a 900-mg dose of
eculizumab. On day 13, the patient suddenly begins to haemolyse
as the level of eculizumab falls below 35 mg/L (the level at which

complement is blocked). Immediately after the next dose (day 0),
the haemolysis stops. Urine scale: patient assesses urine colour first
thing in the morning (red or black urine at 6+). AST, aspartate
aminotransferase; PK, pharmacokinetics (serum level of
eculizumab); PD, pharmacodynamics (haemolytic potential of the
patient’s serum in vitro).

Future challenges and developments

The development of targeted therapy for PNH appears to alter
the natural history of the disease and other newer anticomple-
ment therapies are being evaluated in preclinical/Phase I tri-
als. A global PNH registry has been established to document

the changes in the natural history of the disease, as well as to
record any unexpected complications of the newer therapeutic
interventions. The current therapy of PNH controls rather than
cures the disease. It is hoped thatwithmore detailed understand-
ing of the pathophysiology of PNH, a curative strategy may be
developed.
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Figure 11.8 Urine colour with increasing
eculizumab dose. Patient records
early-morning urine colour according to
scale on y-axis. He is breaking through from
complement blockade for 2 days when
receiving 900 mg eculizumab every 14 days.
When the frequency of eculizumab 900 mg is
increased to every 12 days, his breakthroughs
cease. He is now maintained on 1200 mg
eculizumab every 14 days.
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Suggested further reading

Clinical significance of acquired somatic
mutations in AA

The group at King’s College Hospital, London, recently reported
the first large study of acquired somaticmutations inAApatients
using next generation sequencing. Almost 20% of patients had
mutations in myeloid specific genes, most commonly ASXL1,
DNMT3A and BCOR. Subsequently, a larger study from NIH,
Cleveland Clinic USA and Japan has confirmed similar results
with ASXL1, DNMT3A, BCOR and BCORL1 in 36% of AA
patients. In both studies, the size of these mutated clones in AA
was small in most patients and lower than found in MDS. The
presence of somaticmutations was highly predictive of later evo-
lution to MDS/AML (in 40% patients) compared to only 4%
who lacked these mutations, for patients with a history of AA of
> 6months.Mutations inASXL1 andDNMT3Awere associated
with worse response to immunosuppressive therapy and worse
survival; in contrast BCOR/BCORL1 and PIG-Amutations con-
ferred better response to IST and better survival. When all
these mutations are combined with single nucleotide polymor-
phism (SNP-A) karyotyping, evidence of clonal haemopoiesis
was demonstrated in 47% of AA patients. However, the inter-
pretation of clonal haemopoiesis in AA is not straightforward.
Age-related clonal haemopoiesis with mutations in especially
ASXL1 and DNMT3A, and others including TET2, JAK2 but
not BCOR/BCORL1 or PIG-A, has been reported in 10% nor-
mal individuals older than 65 years, and increasing further with
subsequent decades of life. In AA, analogous to PNH and abnor-
mal cytogenetic clones, the level of these clones may fluctu-
ate over time and may be selected in the context of immune
dysregulation in the setting of bone marrow failure through
increased proliferative pressure on the residual haemopoietic
stem cell/progenitors. A possible unifying explanation is that the
low level ‘age-related’ clones represent a predilection (founder)

stage that requires subsequent co-operatingmutations for clonal
expansion and disease, alongside the increased telomere attri-
tion seen in AA.
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Introduction

Red cell immunohaematology is the study of the interactions
between blood group antigens and their corresponding antibod-
ies, both in vivo and in vitro, and of the presence or absence
of clinical consequences following those interactions. It encom-
passes: (i) determination of the phenotype of red cells from
donors and patients, defined by antibodies, (ii) the search for
and identification of antibodies in patients’ sera, with red cells
of known phenotype, (iii) in the presence of clinically significant
antibodies, compatibility testing of patients’ sera against selected
cell samples from ABO compatible donor units and (iv) investi-
gation of adverse effects due to incompatibility.
The aim of this chapter is to provide an introduction to blood

group serology, to include aspects of immunology, biochemistry
and molecular genetics that contribute to our understanding of
blood group antigens, antibodies and antigen–antibody reac-
tions, and to provide some details on the blood group systems
of most relevance to blood transfusion.

Blood group systems

The International Society of Blood Transfusion recognizes 347
red cell surface antigens, 308 of which belong to one of 36 blood
group systems (Table 12.1). Each system represents either a sin-
gle gene or two or three very closely linked homologous genes.
Each system is genetically discrete from all others. In addi-
tion, there are 39 antigens that have not been included in sys-
tems, owing to inadequate genetic evidence. Most blood groups
are inherited as Mendelian characters, although environmental

factors may occasionally affect blood group expression. The 36
systems represent a total of 41 genes: MNS contains 3 loci, Rh,
Xg and Ch/Rg 2 loci each, and the other 32 systems each con-
tain a single gene. All of the genes are autosomal, except for XG
and XK, which are on the X chromosome, and CD99, which is
located on both the X and Y chromosomes. All 41 genes have
been identified and sequenced.

The red cell membrane and chemistry of
blood group antigens

The red cell membrane is composed of about 40% (w/w) lipids
and up to 10% carbohydrates, the remainder being protein.
Blood group antigens may be integral proteins or glycoproteins
of the red cell membrane, or they may be membrane glycolipids.
In proteins and glycoproteins, blood group polymorphisms and
variants may represent differences in the amino acid sequence
(e.g. Rh and Kell antigens). In glycoproteins and glycolipids, the
blood group activity may reside in the carbohydrate moiety and
polymorphism is associated with differences in the oligosaccha-
ride sequence (e.g. ABO). In some glycoproteins, blood group
polymorphism may be caused by amino acid substitutions, but
antigen expression is also dependent on glycosylation of the
polypeptide.
The integral proteins of the red cell membrane penetrate

the lipid bilayer and, in some cases, are bound to the mem-
brane skeleton or cytoskeleton. Cell-surface proteins are not
necessarily discrete units within the cell membrane; they may
congregate together in lipid rafts or might be part of complexes
of proteins in which the components contribute to the function
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Table 12.1 Human blood group systems.

No. Name Symbol∗
No. of
antigens HGNC gene symbol(s) Chromosome Structure CD number

001 ABO ABO 4 ABO 9 Carbohydrate
002 MNS MNS 48 GYPA, GYPB, GYPE 4 Glycoprotein CD235a/b
003 P1PK P1PK 3 A4GALT 22 Carbohydrate
004 Rh RH 54 RHD, RHCE 1 Protein CD240D/CE
005 Lutheran LU 22 BCAM 19 Glycoprotein CD239
006 Kell KEL 35 KEL 7 Glycoprotein CD238
007 Lewis LE 6 FUT3 19 Carbohydrate
008 Duffy FY 5 DARC 1 Glycoprotein CD234
009 Kidd JK 3 SLC14A1 18 Glycoprotein
010 Diego DI 22 SLC4A1 17 Glycoprotein CD233
011 Yt YT 2 ACHE 7 Glycoprotein
012 Xg XG 2 XG, CD99 X/Y Glycoprotein CD99∗∗

013 Scianna SC 7 ERMAP 1 Glycoprotein
014 Dombrock DO 10 ART4 12 Glycoprotein CD297
015 Colton CO 4 AQP1 7 Glycoprotein
016 Landsteiner–Wiener LW 3 ICAM4 19 Glycoprotein CD242
017 Chido–Rodgers CH/RG 9 C4A, C4B 6 Glycoprotein
018 H H 1 FUT1 19 Carbohydrate
019 Kx XK 1 XK X Protein
020 Gerbich GE 11 GYPC 2 Glycoprotein CD236
021 Cromer CROM 18 CD55 1 Glycoprotein CD55
022 Knops KN 9 CR1 1 Glycoprotein CD35
023 Indian IN 4 CD44 11 Glycoprotein CD44
024 Ok OK 3 BSG 19 Glycoprotein CD147
025 Raph RAPH 1 CD151 11 Glycoprotein CD151
026 John Milton Hagen JMH 6 SEMA7A 15 Glycoprotein CD108
027 I I 1 GCNT2 6 Carbohydrate
028 Globoside GLOB 2 B3GALT3 3 Carbohydrate
029 Gill GIL 1 AQP3 9 Glycoprotein
030 RHAG RHAG 4 RHAG 6 Glycoprotein CD241
031 Forssman FORS 1 GBGT1 9 Carbohydrate
032 JR JR 1 ABCG2 4 Glycoprotein
033 Lan LAN 1 ABCB6 2 Glycoprotein
034 Vel VEL 1 SMIM1 1 Glycoprotein
035 CD59 CD59 1 CD59 11 Glycoprotein CD59
036 Augustine AUG 2 SLC29A1 6 Glycoprotein

HGNC, Human Genome Organisation Gene Nomenclature Committee.
∗ISBT gene name in italics.
∗∗Does not include Xg glycoprotein.

of the whole (Figure 12.1). There are four types of integral
proteins in the red cell membrane. Type 1 glycoproteins,
typified by the glycophorins, carrying the MNS antigens,
cross the membrane once, with the amino-terminal domain
on the outside and the carboxy-terminal domain in the cytosol.
The Kell glycoprotein is a type 2 structure. It also crosses the
membrane once, but has the carboxy-terminal domain on
the outside and the amino-terminal domain in the cytosol.

Type 3 glycoproteins are polytopic: they cross the membrane
several times giving rise to a series of extracellular loops, one
of which is usually glycosylated. These N-glycans express
ABO, H and Ii blood group activity. In most of these type 3
proteins, both terminal domains are cytosolic (e.g. Rh proteins,
band 3, glucose transporter, Kidd glycoprotein), but the Duffy
glycoprotein has an extracellular amino-terminal domain.
Type 5 membrane glycoproteins, which include the Dombrock
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Figure 12.1 Diagrammatic representation of some
integral red cell membrane proteins, including the
band 3/Rh macrocomplex and components of the
membrane cytoskeleton (see also Chapter 8).

and Cromer glycoproteins, reside in membrane microdomains
rich in cholesterol known as lipid rafts and are attached to the
lipid bilayer by a glycolipid, the glycosylphosphatidylinositol
(GPI) anchor. There are no Type 4 proteins in the red cell
membrane.
On the inside of the lipid bilayer is a network of glycoproteins

that comprise the cytoskeleton, which is responsible for main-
tenance of the shape and integrity of the red cell as it squeezes
through the tiniest capillaries. The main components of the
membrane skeleton are the α- and β-subunits of spectrin, which
form long flexible rods, plus actin, ankyrin, proteins 4.1R and
4.2, and several other glycoproteins. Band 3, the anion exchanger
and Diego blood group antigen, has an extended N-terminal
domain attached to the membrane skeleton through ankyrin
and proteins 4.2 and 4.1R. Glycophorin (GP)C and GPD, the
Gerbich glycoproteins, have C-terminal domains attached to the
membrane skeleton through protein 4.1R and p55. In addition
there is evidence that several other integral membrane proteins
interact with components of the membrane skeleton. Absence
or reduced levels of these integral membrane proteins that inter-
act with the membrane skeleton often result in some degree of
abnormal red cell morphology (see Chapter 8).
ABH and Ii antigens are found predominantly on the car-

bohydrate moieties of the major red cell glycoproteins band 3
(anion exchanger) and on the glucose transporter, although they
are also present on type 3 and some other minor glycoproteins
and on the carbohydrate portions of membrane glycolipids. P,
P1 and PK antigens are expressed on the carbohydrate of gly-
colipids. The M and N antigens arise from interactions between
the carbohydrate and polypeptide in glycophorin A. In addition
to the antigens on integral membrane components, the Lewis
and Chido/Rogers antigens are not of erythroid origin, but are
adsorbed from the plasma.

Blood group antibodies

Several terms have been used in the past and are still some-
times used to describe different types of blood group antibod-
ies, including ‘naturally occurring’ and ‘immune’ antibodies,
and ‘cold’ and ‘warm’ antibodies. They are described below and
an attempt is made to correlate these terms with the class of
immunoglobulin involved.

Naturally occurring and immune antibodies

Antibodies are naturally occurring when they are produced
without any obvious immunizing stimulus, such as pregnancy
or transfusion. These antibodies are not present at birth and, in
the case of anti-A,B, anti-A and anti-B, start to appear in the
serum at about 3–6 months of age. ABO antibodies are prob-
ably produced in response to antigens of bacteria, viruses and
other substances that are inhaled or ingested. Despite this prob-
able antigenic stimulus, the term ‘naturally occurring’ is retained
for these ‘non-red-cell-induced’ antibodies. ‘Immune’ red cell or
alloantibodies are only produced after pregnancy or following
transfusion or injection of blood or blood group substances.

Cold and warm antibodies

Cold antibodies give higher agglutination titres at low tempera-
tures (0–4 ◦C), and many of them will not agglutinate red cells
at 37 ◦C. Most naturally occurring antibodies are cold reacting.
Some, such as naturally occurring anti-A,B, have a wide thermal
range andwill react at 37 ◦C, activating complement and leading
to red cell lysis. However, the titre will bemuch higher at 0–4 ◦C.
Cold antibodies that fail to react above 30 ◦C are of no clinical
significance and can be ignored for blood transfusion purposes.
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Immune antibodies have a thermal optimum of 37 ◦C. Any
red cell antibody reacting above 30 ◦C should be considered
potentially capable of destroying red cells in vivo.

IgM and IgG

IgM antibodies agglutinate red cells suspended in saline. They
are often called saline or directly agglutinating antibodies.
Conversely, IgG antibodies do not usually agglutinate saline-
suspended red cells. However, lack of agglutination does not
mean that the antibodies have not bound to their antigen, and
it can be shown that they have reacted by using antiglobulin
reagents, which facilitate agglutination of antibody-coated
cells (see below). Most naturally occurring antibodies are
IgM and preferentially cold-reacting, whereas most immune
antibodies are IgG and warm-reacting, although some may be
IgM. Exceptionally, very potent IgG antibodies may be directly
agglutinating.

Monoclonal antibodies

Monoclonal antibodies have increased the repertoire of well-
standardized blood grouping reagents of guaranteed quantity,
quality and potency. By fusing the spleen cells of immunized
mice or rats with drug-sensitive myeloma cells and select-
ing for drug-resistant hybrids, it has been possible to estab-
lish permanently growing cloned cell lines in tissue culture
that secrete antibodies of desired specificities. Several murine
hybrids secreting potent human blood-group-specific mono-
clonal antibodies have now been established, many of which
were raised using immunogens other than intact red cells (e.g.
anti-A, -B, -Lea, -Leb, -M and -N). Unfortunately, rodents have
proved remarkably resistant to efforts to produce antibodies to
the human D antigen.
Human monoclonal antibodies specific for RhD, other Rh

antigens, Jka, Jkb, and several other antigens, have been obtained
by transformation of isolated peripheral blood lymphocytes
from immunized individuals with Epstein–Barr virus or by
fusion of human lymphocytes with mouse myelomas to form
heteromyelomas.
Monoclonal antibodies of murine and human origin have

widely replaced polyclonal blood grouping reagents in everyday
ABO and D grouping. The future of antibody reagent produc-
tionmay lie in recombinant DNA technology, but a useful blood
grouping reagent is still to be produced by these methods.

Lectins

Lectins are sugar-binding proteins, mostly extracted from plants
and lower vertebrate animals. They are useful tools for routine
and experimental blood group serology. They combine with
simple sugars (e.g. fucose, galactose, N-acetylgalactosamine)
present on the glycolipids and glycoproteins of cell membranes

and body fluids. The three most commonly used blood-group-
specific lectins are extracts from Dolichos biflorus, Vicia
graminea and Ulex europaeus, which have anti-A1, -N and
-H specificities, respectively. Several other lectins have proven
valuable in investigating red cell polyagglutinability. Lectins
are also used for determining ABH secretor status and for par-
tially purifying and identifying blood-group-active membrane
glycoproteins.

Clinical significance of red cell antibodies

The clinical significance of red cell antibodies depends partly on
their destructive capacity in vivo and partly on their frequency.
ABO and D antibodies are by far the most significant.
Several factors influence immune red cell destruction in vivo:

1 Plasma concentration and avidity of the antibody.
2 Thermal amplitude of the antibody. Only antibodies react-
ing at 37 ◦C can cause haemolysis in vivo because complement
can only be fixed at such a temperature and because antibody
binding to Fc receptors can only take place at 37 ◦C.
3 Immunoglobulin class and subclass. The complement-
fixing ability of most warm-reacting IgM antibodies, such as
anti-A,B, anti-A and anti-B, makes them clinically significant.
Of the IgG subclasses, IgG1 and IgG3 have clinical importance
because of their capacity to bind to the Fc receptors of mononu-
clear phagocytic cells, the effector cells of extravascular immune
red cell destruction. In addition, some IgG1 and IgG3 antibodies
can fix complement up to C3b.
4 Antibody specificity. Several warm-reacting antibodies are
incapable of causing in vivo red cell destruction (e.g. anti-Ch,
-Rg, -Csa, -Kna, -Xga and most examples of anti-Yta).
5 Antigen density on the red cell membrane. The likelihood
and degree of sensitization of a red cell with antibody and/or
complement increases with the number of antigen sites on the
surface. There are many more A sites than D sites on red cells.
6 Volume of incompatible red cells transfused. A small vol-
ume of incompatible red cells will be destroyed more rapidly
than a large volume from the same donor. If antibodies are not
very potent, larger volumes of cells may exhaust the circulat-
ing antibody available and saturate the mononuclear phagocytic
system.
7 Presence of antigen in donor plasma. Lewis antigens (Lea

and Leb) and the Ch/Rg antigens are primarily in plasma and
are only secondarily adsorbed onto red cells. ABH antigens are
present on red cells and plasma. The free antigen in plasma of
transfused red cells can react with part of the recipient’s antibody
and inhibit its binding to red cells.
8 Activity of cells of the mononuclear phagocyte system. The
ability of macrophages to remove sensitized red cells varies
between individuals. Splenectomy and drugs such as corticos-
teroids and immunosuppressants will decrease the clearance of
IgG-sensitized cells.
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9 Sensitivity of red cells to complement.
10 Extent of complement activation. Some antibodies regu-
larly bind complement and others do so rarely or not at all. Of
the complement-binding antibodies, IgM (e.g. anti-A,B, -A, -B,
-Lea, -PP1PK) will activate the complement cascade through to
C9, resulting in intravascular haemolysis, but with IgG antibod-
ies, such as anti-Fya, -Jka and -K, the cascade is interrupted at the
C3 stage. Red cells coated with IgG and C3b will be destroyed
extravascularly in the liver. As a rule, Rh antibodies do not fix
complement.

Detection of red cell antigen–antibody
reactions

Agglutination techniques

There are various ways of detecting antigen–antibody reactions
in vitro, either manually or with automatedmethods. Inmanual
methods, tubes,microplates or gels can be used. Themostwidely
used methods employ the following techniques.

Direct agglutination
Most IgM antibodies will directly agglutinate saline-suspended
red cells of the appropriate phenotype. This method is used rou-
tinely for ABO grouping with polyclonal or monoclonal anti-
bodies and RhD typing with monoclonal antibodies.

Indirect agglutination
Apart from ABO, antibodies against most blood group antigens
are IgG and generallywill not produce direct agglutination of red
cells. Such antibodies can be detected by the antiglobulin tech-
nique or with the aid of agents that enhance agglutination, for
example proteases, such as papain, albumin and other colloids,
aggregating agents such as polybrene and polyethylene glycol,
and low ionic strength solutions (LISS).

Antiglobulin or Coombs test
The antiglobulin test is used to detect IgG antibodies that do
not cause direct agglutination of saline-suspended red cells.
The technique can be used to test directly, with an antiglobulin
reagent, for the presence of antibodies or complement compo-
nents that are bound to the red cells in vivo, as in autoimmune
haemolytic anaemia, haemolytic transfusion reactions (HTRs)
or haemolytic disease of the fetus and newborn (HDFN); this
is the so-called direct antiglobulin test (DAT). Alternatively, the
test can be used before transfusion to detect IgG antibodies in
a patient’s serum by adding the appropriate screening test red
cells and then, after incubation and thorough washing (except
in microcolumn tests), adding an antiglobulin reagent that will
agglutinate cells coated in vitro with antibody or complement
components; this is the indirect antiglobulin test (IAT). If IgG
antibodies are found, these will be identified by IAT with an
extended red cell panel. The IAT will then be used with the
appropriate antigen-negative cells in the cross-match, to ensure
compatibility between the patient’s serum and donors’ red
cells. IATs are also used with many reagent antibodies, such as
anti-K, -Fya, and -Jka for determining blood group phenotypes
(Figure 12.2).
The first step in the antiglobulin test is the antibody uptake

during the incubation of antibody with red cells carrying
the antigen (Figure 12.2). When an IAT is undertaken with
red cells suspended in normal-ionic-strength saline (NISS)
solution, maximum antibody uptake, and hence maximum sen-
sitivity, is achieved within 60–90 min incubation. The incuba-
tion phase can be reduced to 10–15 min by using low-ionic-
strength saline (LISS) solutions. When the DAT and IAT are
performed in tubes or microplates, it is essential that, after
the antibody uptake, the red cells are washed three or four
times with a large volume of saline before adding the antiglob-
ulin reagent, as any free IgG or complement will neutral-
ize the anti-IgG or anticomplement reagent and lead to false-
negative reactions. With microcolumns containing a matrix

Wash*

Add 
antiglobulin

Red cells coated
with Ig in vivo

Agglutination

Wash*

Add 
antiglobulin

Agglutination

Direct antiglobulin test

Add
specific 
antibody

Red cells

Indirect antiglobulin test

Figure 12.2 Direct and indirect antiglobulin
tests. Antiglobulin antibodies are shown in red.
∗Washing is not required in microcolumn
technology.
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Figure 12.3 Enzyme-linked immunosorbent
assay (ELISA) for cell-bound antibodies.
Enzyme substrate is represented by open and
closed stars, for colourless and coloured
derivatives respectively.

of either a gel or glass beads, the wash phase has been
eliminated.
Antibodies against IgG and complement should always be

present in polyspecific antiglobulin reagents. The anti-IgG com-
ponent is essential for pretransfusion antibody screening and
cross-matching, as the vast majority of clinically significant anti-
bodies, apart from anti-A,B, -A and -B, are IgG. The anticom-
plement component is needed for the detection of occasional
examples of weak complement-binding antibodies (e.g. some
anti-Jka) and for the detection of in vivo complement coating
of red cells (i.e. in the DAT). Antiglobulin reagents are gener-
ally produced from polyclonal antibodies to IgG,made in exper-
imental animals, and with monoclonal antibodies to C3d.

Inhibition of agglutination
Expected agglutination reactions with known antigens and anti-
bodies can be neutralized by soluble antigens of the appropriate
specificity. For example, the saliva of group A secretors inhibits
the agglutination of group A cells by anti-A. Hydatid cyst fluid
with P1PK activity can be used to confirm the presence of anti-P1
in sera. Soluble antigens produced by recombinant DNA tech-
nology are useful in reference laboratories as aids to sorting out
complex serological problems.

Haemolysis

After the incubation of red cells with fresh serum, red cell lysis
indicates a positive antigen–antibody reaction mediated by IgM
complement-fixing antibodies. A pink- or red-coloured super-
natant after settling or centrifugation of red-cell–antibody mix-
tures is an indication of haemolysis.

Adsorption and elution tests

Specific antibodies can be removed from serum by adsorption
on red cells carrying the corresponding antigen. Bound antibod-
ies can be subsequently recovered from the washed, sensitized
red cells by elution with heat treatment, freeze-thawing, low pH
or chloroquine treatment.

Specialized antiglobulin techniques

Flow cytometry and enzyme-linked immunosorbent assays
(ELISAs) are used for the estimation of the number of

antigen sites on red cells, for the quantitation of anti-D in preg-
nant women and when more sensitive antiglobulin techniques
are required. The essence of these approaches is the use of a
labelled antiglobulin: in flow cytometry, fluorescent anti-IgG is
used (or antibodies can be directly coupled with a fluorescent
dye); in the case of ELISA, enzymes are attached covalently (i.e.
conjugated) to the antiglobulin (Figure 12.3).
In these assays antibody-coated cells or particles are incu-

bated with the labelled antiglobulin reagent. After incubation,
excess unbound antiglobulin is washed away and bound labelled
antiglobulin is then measured. For flow cytometry, a cytofluo-
rimeter is used to measure fluorescence of each cell. For ELISA,
the bound enzyme conjugate is detected through the enzyme’s
ability to modify its substrate, usually effecting a colour change.
The colour intensity of the modified substrate is then measured
with a spectrophotometer.

Microcolumn tests (gel and beads)

The principle of microcolumn tests is the separation of aggluti-
nated from non-agglutinated red cells by centrifugation through
a miniature filtration column. For blood grouping, red cells
are layered on microcolumns impregnated with blood group-
ing sera; for antibody screening and identification, phenotyped
panel red cells are mixed with patients’ sera within the incuba-
tion chamber of the microcolumn. After centrifugation, agglu-
tinated red cells are retained towards the top of the microcol-
umn because the agglutinates are trapped by the columnmatrix,
whereas unagglutinated red cells form a button at the bottom of
the column (Figure 12.4).
Antiglobulin tests can be performed by centrifuging the

preincubated mixture of red cells and patient’s serum through
a column impregnated with anti-IgG or polyspecific antiglobu-
lin. Any red cells coated with IgGwill be agglutinated by the free
anti-IgG in thematrix of the column, giving a positive result. No
washing of sensitized cells is required, as IgG in the serum does
not penetrate the column, as it is less dense than the matrix, and
so does not neutralize the anti-IgG in the column. The advan-
tages of microcolumn techniques are the ease of reading and
reproducibility, and the fact that the tests can be stored for later
examination, checking, photocopying or photographing. These
systems can be automated and the agglutination results evalu-
ated by image analysis.
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Figure 12.4 Results of a gel microcolumn test. The subject is group
B D-negative. Red cells remaining at the top of the gel represent a
positive result; red cells collected at the bottom of the tube
represent a negative result.

Microplate techniques

Semi-automated blood grouping and antibody screening can
be performed in microtitre plates, which can also be used for
extended phenotyping of red cells, antibody identification and
large-scale screening for rare red cells and antibodies. A sin-
gle microplate is equivalent to 96 short test tubes and the same
basic principles of discrete analysis of agglutination apply. Sev-
eral commercial microplate-based blood grouping systems are
available, using bar codes to identify samples, automated liquid
handling of samples and reagents, and plate readers linked to
computers for easy and accurate record-keeping.
Solid-phase microplate systems, with antigen or antibody

adhered to the surface of the plastic, reduce the variability
between tests, inherent in liquid-phase systems when under-
taken by different operators, and easily lend themselves to auto-
mated reading of results. Blood grouping (e.g. for ABO and D
groups) can be accomplished with U-shaped microplate wells
coated with the relevant antibody (e.g. anti-A, -B, -D); suspen-
sions of patients’ or donors’ red cells are added to the wells and
then centrifuged. Positive results appear as a carpet of cells coat-
ing the bottom of the well. Negative results appear as a tight pin-
head of unattached cells in the centre of the well.
In antibody screening and identification by solid-phase, the

microplates are coated with a panel of phenotyped red cell
ghosts. The wells are incubated with patient serum and LISS,
washed and then anti-IgG is added. Anti-IgG will bind to those
wells where the patient’s IgG antibody has bound to the rel-
evant red cell ghost; bound anti-IgG is then easily detected
by adding indicator red cells coated with IgG (e.g. D-positive
cells coated with anti-D), followed by brief centrifugation, as
described above.

Automated techniques

Fully automated blood grouping and antibody screening, using
microcolumn techniques or microplates, is carried out in trans-
fusion centres, where large numbers of donor samples are tested
daily, and, increasingly, in hospital transfusion laboratories. In
some automated systems test samples aremixed with typing sera
or screening cells in individual wells of a special microplate with
a terraced surface at the bottom of the well. After incubation and
settling of the red cells, agglutination patterns are distinguished
either on the basis of light transmission or by image analysis with
the aid of a computer-controlled camera.
There are fully automated walk-away systems, based on

microcolumns or solid-phase microplate systems. One system
applies magnetized red cells for blood grouping and antibody
detection, in order to avoid centrifugation.

Blood grouping reagents

In pretransfusion testing, it is essential to determine, as a min-
imum, the correct ABO and RhD groups of donors and recipi-
ents. To avoid potential fatalities resulting fromerrors, it is essen-
tial that the ABO andRhD typing reagents have suitable potency
and comply with the European Directive on in vitro diagnos-
tic devices and the associated Common Technical Specifications
and carry the ‘CE’ mark to show they are in conformance.
IgMmonoclonal reagents are generally used for ABO, Rh and

K typing. Such reagents are extensively tested prior to release and
are generally free of unwanted contaminating antibodies. Blood
grouping reagents from polyclonal antisera are more likely to
have unwanted antibodies and should have been exhaustively
tested with an extensive panel of cells to exclude common and
rare specificities before they are issued for routine use.

Antibody screening and identification

With plenty of anticipation, for all patientswith any possibility of
needing a transfusion, sera should be screened against unpooled
group O cells from selected individuals known to carry the fol-
lowing antigens between them: D, C, E, c, e, M, N, S, s, P1, Lea,
Leb, K, k, Fya, Fyb, Jka and Jkb. Ideally, one cell sample should be
R1R1 (DCe/DCe) and the other R2R2 (DcE/DcE), so that the Rh
antigens are all in double dose. Aminimumhomozygous expres-
sion (i.e. double dose) of Fya and Jka should be present on one of
the red cell samples. It is generally possible tomeet these require-
ments with two screening cell samples, but if more antigens with
homozygous expression are required, three cell samplesmight be
needed. Zygosity can be checked by molecular genetic methods.
Antibody screening of patients’ sera need only consist of a

well-controlled sensitive IAT, commonly with microcolumns.
If the antibody screening is positive, antibody identification
against a panel of 8–12 fully phenotyped red cells should be
performed. For identification, in addition to the IAT, a second
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sensitive technique (e.g. enzyme-treated cells or the polyethy-
lene glycol or manual polybrene test), is recommended. Saline
tests are not essential for antibody screening or identification
and all tests should be performed at 37 ◦C, as antibodies reacting
at lower temperatures are of no clinical importance.

Molecular techniques for blood grouping

It is possible to predict blood group phenotypes fromDNAwith
a high degree of accuracy. This is usually performed when a
blood group phenotype is required but a suitable red cell sam-
ple is not available. The most important application is the deter-
mination of fetal blood groups. When a pregnant woman has a
blood group antibody with the potential to cause severe HDFN,
it is beneficial to determine whether her fetus has the corre-
sponding antigen and consequently whether it is at risk from
HDFN. Hence, molecular RhD typing is usually required, but
typing for Rhc and K antigens may sometimes be needed. The
usual source is the small quantity of cell-free fetal DNA present
in the maternal plasma. In some countries fetal RhD typing is
applied to all RhD-negative pregnant women in order to avoid
giving antenatal Rh immunoglobulin prophylaxis unnecessarily
when the fetus is RhD-negative.
Molecular methods for blood grouping are useful in

transfusion-dependent patients, where serological methods are
not possible because of the presence of transfused red cells in
the patient’s blood. Tests are carried out on DNA isolated from
whole blood of the transfused patient. If genotypes can be deter-
mined for all clinically important blood group polymorphisms,
thenmatched blood can be provided to prevent the patient from
making multiple red cell alloantibodies. Another application
is blood grouping of patients with autoimmune haemolytic
anaemia, whose red cells are coated with immunoglobulin,
making serological typing difficult.
Several types of tests are commonly used in blood group geno-

typing, most of which are available commercially:
1 Amplification of a portion of a blood group gene to determine
its presence. This only applies to RHD.
2 Amplification of a portion of a gene followed by detection of
the polymorphism with restriction endonucleases.
3 Selective amplification of a specific allele by the use of an
allele-specific primer.
4 Amplification of a portion of a gene followed by direct
sequencing of the amplified product.
5 Allelic discrimination by polymerase chain reaction (PCR)
incorporating allele-specific fluorescently labelled probes, in
which relative quantities of a pair of alleles are measured.
6 Application of microarray technology, usually involving
coloured microbeads, in which numerous polymorphisms can
be tested froma relatively small quantity ofDNA.Testing of large
numbers of blood donors formultiple blood groups is beginning
to be introduced, in order to establish a database of donors typed

for all clinically significant groups. This would be valuable for
transfusion-dependent patients. High-throughput methods are
nowbeing introduced for such testing andmay involve the appli-
cation of high-throughput sequencing technologies in the near
future.

The ABO system

ABOwas the first system to be recognized and remains themost
important in transfusion and transplantation. Almost every-
body over the age of about 6 months has clinically significant
anti-A and/or anti-B in their serum if they lack the correspond-
ing antigens on their red cells. Thus, if we consider the incidence
of ABO blood groups in the UK (Table 12.2), transfusions given
without regard to ABO would result in a major incompatibility
(patient has the antibody and the antigen is on the transfused
red cells) about once in every three cases.

Antigens of the ABO system

The vastmajority of human bloods can be grouped into sixmain
ABO phenotypes (Table 12.3), although several rare weak vari-
ants can be distinguished serologically. The incidence of ABO
groups varies very markedly in different parts of the world and
in different races.

A1 and A2 subgroups
The distinction between the A1 and A2 subgroups is usually
made by using anti-A1, which will agglutinate A1, but not A2,
red cells. There are several sources of anti-Al: (i) by absorb-
ing anti-A (from group B people) with A2 red cells, (ii) in the
serum of some A2 and A2B persons (Table 12.3), (iii) from
a saline extract of the seeds of the hyacinth bean Dolichos
biflorus and (iv) mouse monoclonal anti-A1. Anti-A1 is not
used routinely as it is not necessary to distinguish A1 from
A2 red cells for most transfusion recipients. There is no spe-
cific antibody for A2 red cells; if anti-A is absorbed with A1
cells, all the antibody is removed. Group B serum can there-
fore be thought of as containing two antibodies: anti-A, which

Table 12.2 Incidence of ABO groups in
southern England.

Phenotype Frequency (%)

O 44.9
A1 30.8
A2 10.3
B 10.1
A1B 2.7
A2B 1.2

}
41.1

}
3.9
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Table 12.3 ABO blood grouping.

Agglutination of test cells with Agglutination of test serumof

Anti-A Anti-A1 Anti-B Anti-A,B∗ A cells B cells O cells
ABO group of
test sample Possible genotype

− − − − + + − O O/O
+ + − +† − + −† A1 A1/A1 , A1/O, A1/A2

+ − − + −/+‡ + − A2 A2/A2 , A2/O
− − + + + − − B B/B, B/O
+ + + + − − −† A1B A1/B
+ − + + −/+‡ − − A2B A2/B

∗Anti-A,B (group O serum) is not generally used in routine laboratories.
†Some group A1 and A1B individuals may have weak anti-H in their plasma.
‡Serum from a proportion of A2 (1–8%) and A2B (22–35%) individuals contains anti-A1.

agglutinates both A1 and A2 red cells, and anti-A1, which agglu-
tinates only A1 red cells. The anti-A component of group O
serum also has both antibodies.
The difference between the A1 and A2 subgroups is partly

quantitative: the red cells of A1 and A1B subjects have more A
antigen sites than A2 and A2B subjects, respectively. For practi-
cal purposes, A2 can be regarded as a weaker form of A. When
both A and B antigens are present, there are less sites for each
than when either is present alone. The practical importance of
this lies in the fact that the A antigen of A2B red cells may give
an extremely weak reaction with anti-A, which could be missed
in routine grouping tests if reagents of inadequate potency are
used. Moreover, if the same person’s serum contains anti-A1 and
is tested in the reverse grouping only with A1 and not A2 red
cells, he/she will be grouped as B. For this reason, potent anti-A
reagents reacting with A2B cells must be used in routine blood
grouping. This is now possible with monoclonal antibodies.
There is also a qualitative difference between A1 and A2, but

this must be very subtle because A2 red cells can absorb all the
anti-A from group B serum if the absorption is carried out at 0–
4 ◦C for sufficient time. The chemical basis is unresolved, but A-
active oligosaccharide structures called type 4A are only present
on A1 cells.

H antigen
Group O cells have no antigens of the ABO system but do pos-
sess H antigen, the precursor upon which the products of the
ABO genes act. TheH gene (called FUT1) is on chromosome 19,
whereas ABO is on chromosome 9. The H antigen is present to
some extent on almost all red cells, regardless of the ABO group,
but the amount of H antigen varies with the ABO group as fol-
lows: O > A2 > A2B > B > A1 > A1B.
Individuals with the rare Bombay phenotype are homozygous

for inactive FUT1 alleles (h/h). Their red cells are not aggluti-
nated by anti-A or anti-B, regardless of ABO genotype, but are

not group O as they are also not agglutinated by anti-H. The
serum of Bombay subjects contains potent anti-H, anti-A and
anti-B that will only allow transfusion with red cells of the scarce
Bombay phenotype.

Distribution of the A, B and H antigens
ABH antigens are often referred to as histo-blood group anti-
gens because they are widely distributed in the body. They are
therefore very important in transplantation. They are present
on white cells, platelets and epidermal and other tissue cells.
They are also present in the plasma, regardless of ABH secretor
status, and in the saliva and other secretions of ABH secretors
(see later).

Rare ABO variants
Rare ABO variants are usually disclosed because an expected
ABO antibody is missing. A sample typed as group O that has
anti-B but no anti-A will usually prove to be a weak A variant.
The presence ofweakAorB antigens can be demonstrated either
by using potent antisera or by adsorption and elution. A vari-
ety of A and B variant phenotypes exist with the symbols A3,
Ax, Aend, Am Ael, B3, Bx, Bm and Bel. All are extremely rare, are
usually recognized by their variable reactionswith anti-A and/or
anti-A,B sera, and arise frommutations in the coding or regula-
tory regions of the ABO gene.
Weakening of the A antigen can occur in acute myeloid

leukaemia. The A antigenmay revert to almost normal in remis-
sion. Similar weakening of B, H and I has been described.
B-like antigens may be acquired by group A individuals who

are suffering from bowel infections, usually associated with
carcinoma or strictures of the large bowel. Red cells with an
acquired B antigen are agglutinated by some anti-B, includ-
ing some monoclonal anti-B, but not by the patient’s own anti-
B. Bacterial deacetylases convert N-acetylgalactosamine, the
immunodominant sugar of the A antigen, into galactosamine,
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a structure similar to galactose, the immunodominant sugar of
the B antigen.

Antibodies of the ABO system

Anti-A, anti-B and anti-A,B
It is likely that ‘naturally occurring’ ABO antibodies arise in
response to A- and B-like antigens present on bacterial, viral or
animal molecules. Titres of ABO antibodies vary considerably
with age, reaching a peak in young adults and then declining in
old age.
Sera taken from people over the age of about 6 months that

do not contain the expected A and B antibodies (Table 12.3) are
very rare. They should always be investigated thoroughly; often,
some interesting explanation will be found, for example a rare
subgroup of A, a blood group chimera or congenital absence
of IgM.
Anti-A and anti-B have a wide thermal range. Although they

are active at 37 ◦C, they react better at lower temperatures. ABO
antibodies always have some IgM component and, in group A
and B persons, they are almost entirely IgM. Antibodies from
group O individuals, even before immunization, usually have
some IgG anti-A,B, an antibody that cross-reacts with both A
and B structures.
Following immunization with red cells or blood group sub-

stances, the thermal characteristics of the antibodies change, but
group A and B subjects continue to produce antibodies that are
mainly IgM. Most group O persons, however, will produce IgG
as readily as IgM anti-A,B. Consequently, mothers of children
with ABO HDFN are almost always group O. Immune anti-A,B
are mainly IgG2, which does not cause HDFN because there are
no Fc receptors for IgG2 on the cells of the mononuclear phago-
cyte system. When the maternal serum contains potent IgG1
and/or IgG3 ABO antibodies, HDFN may occur, although this
is comparatively milder than Rh HDFN (see Chapter 13). Some
IgA anti-A or anti-B may be produced following immunization
with A or B substances.

Dangerous ‘universal’ donors
Group O red cells can be transfused to A, B or AB recipients and
group O donors were formerly, and inappropriately, called ‘uni-
versal donors’. Group O donors have anti-A, anti-B and anti-A,B
in their plasma, which will react with the recipient’s A or B cells.
Normally, if groupA, B orAB recipients are transfusedwith a rel-
atively small number of groupOunits of whole blood, the anti-A
or anti-B that is transfused will be diluted out and neutralized by
the plasma of the adult recipient, especially if plasma-reduced
blood, or red cells in additive solution are used. However, the
transfused units of red cellsmay contain potent ABOhaemolytic
antibodies, which may cause marked destruction of the recipi-
ent’s A or B red cells, leading to a severe acute HTR. For this
reason, the practice of transfusing group O whole blood, plasma

platelets, or even plasma-reduced red cells, to non-O recipients
should be strongly discouraged.
There is usually a shortage of group O blood, and not infre-

quently a surplus of group A blood. In the vast majority of cases,
including emergencies, there is enough time to perform a rapid
ABO group on the patient’s cells, which will allow the transfu-
sion of group-specific blood. If there is no time to do an ABO
group before transfusion, group O red cells in optimal additive
solution, devoid of plasma, should be given until the patient’s
blood group is known. The practice of transfusing group O
platelets to non-O patients should be discouraged as the dose
of adult platelets will contain at least 300 mL of plasma, unless
part of it has been replaced by platelet-additive solution. Group
O fresh-frozen plasma and cryoprecipitate should only be given
to group O recipients.

Anti-A1
Anti-A1, reactive at room temperature (18–22 ◦C), can be found
in the serum of 1–8% of group A2 and 22–35% of group A2B
persons. Most of these antibodies are not of clinical importance
because they do not agglutinate A1 red cells at 30 ◦C and above.
Very rarely, anti-A1 able to react at 37 ◦Cmay lead to significant
destruction of A1 red cells in vivo. The appropriate group A2 or
A2B red cells should be provided in these rare instances.

Anti-H
Several forms of anti-H exist:
1 Clinically significant ‘true’ anti-H occurs in the serum of the
very rare person with Bombay phenotype. It is active at 37 ◦C
and only Bombay phenotype blood may be transfused.
2 Anti-H and anti-HI, commonly found in the serum of group
A1, B and A1B persons, react much more strongly with adult
than with cord red cells. Anti-H is inhibited by secretor saliva;
anti-HI is not. These antibodies do not usually agglutinate O
cells above 30 ◦C. Very occasionally, anti-H/anti-HI may cause
rapid destruction of at least some of the transfused O red cells
in vivo. However, these antibodies will not interfere with red
cell survival if ABO identical units, i.e. A1, B or A1B units, are
transfused to A1, B or A1B recipients, respectively.

ABH secretor status
About 80% of Caucasian populations, ABH secretors, have H
antigen, plusA or B according to their ABOgenotype, in awater-
soluble form in their body secretions. The remaining 20% are
non-secretors.

Biochemistry and biosynthesis of ABH
antigens

ABH antigens
A, B andH antigens on red cellmembranes (Figure 12.1) are pre-
dominantly glycoproteins, the majority being on the N-glycans
of the anion exchanger (band 3) and the glucose transporter
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Figure 12.5 Biosynthetic pathway of H antigen from
its precursor, and of A and B antigens from H. In
group O subjects, H remains unconverted in the
absence of A or B gene products. R, remainder of
molecule.

(GLUT1). ABH antigens on red cells are also expressed on gly-
cosphingolipids. SolubleABHantigens are glycoproteins.Differ-
ences in the terminal sugars of the glycoproteins and glycolipids
determine the specificity of these antigens: L-fucose (Fuc) for H,
L-fucose plus N-acetyl-D-galactosamine (GalNAc) for A and
L-fucose plus D-galactose (Gal) for B.
Two major types of carbohydrate chain endings serve as

acceptors for the fucosyltransferases that synthesize H anti-
gen: type 1 and type 2 chains have Gal joined to N-
acetylglucosamine (GlcNAc) through 1→3 and 1→4 linkages,
respectively. A- and B-transferases transfer GalNAc and Gal,
respectively, from their donor substrates UDP-GalNAc and
UDP-Gal to the terminal galactosyl residue of type 1 H and
type 2 H, creating A and B epitopes and masking H specificity
(Figure 12.5).
Secretory glycoproteins possess both type 1 and type 2 link-

ages, whereas red cells synthesize type 2 chains only. Other
chains, called type 3 and 4, are also present in low numbers on
red cells, but probably only on glycolipids.

ABO genes
ABO is located on the long arm of chromosome 9, comprises
seven exons and encodes the A and B glycosyltransferases. Prod-
ucts of the A and B alleles differ by four amino acids encoded
by exon 7, two of which determine whether the enzyme has
GalNAc-transferase (A) or Gal-transferase (B) activity.
The majority of O alleles (called O1) resemble A, but have a

single-base deletion in exon 6, which creates a shift in the read-
ing frame, truncating any putative polypeptide. About 3% of O
alleles (calledO2) have a single-nucleotide polymorphism (SNP)
that changes one of the vital amino acids in the catalytic site,
inactivating the enzyme.
The A2 allele has a single-base deletion immediately before

the usual termination codon, creating a reading frameshift and
abolition of this stop codon. This produces anA-transferasewith
21 extraneous amino acids on its C-terminus, reducing its effi-
ciency as a GalNAc-transferase.

H genes
At least two genes, FUT1 and FUT2, on chromosome 19, are
responsible for production of H antigen. Both encode α1,2-
fucosyltransferases that catalyse the transfer of fucose to the ter-
minal galactose of the H precursor chain (Figure 12.5). FUT1
is active in mesodermally derived tissues, including haemopoi-
etic tissues, and is responsible for H expression on red cells.
Homozygosity for inactivating mutations in FUT1 gives rise to
Bombay and related phenotypes. FUT2 is responsible for the
expression ofH antigen in endodermally derived tissues, includ-
ing secretions, and hence is the gene responsible for ABH secre-
tion. Secretors are homozygous or heterozygous for an active
FUT2; non-secretors are homozygous for an inactive allele usu-
ally containing a nonsense mutation.

The Lewis system

Lewis antigens and their biosynthesis

Lewis is primarily a system of soluble antigens present in secre-
tions and in plasma: Lewis antigens on red cells are adsorbed
passively from the plasma, and plasma is needed to maintain
Lewis antigens on the red cells. There are two Lewis antigens:
Lea and Leb. Expression of either requires the presence of an
active Lewis gene, but Lewis phenotypes are also governed by the
gene controlling H secretion (FUT2). Lewis antigens in saliva
and plasma are glycoproteins and glycolipids, respectively.
The Lewis gene, FUT3, encodes an α1,4-fucosyltransferase

that catalyses the addition of L-fucose in 1→4 linkage to the sub-
terminal GlcNAc of type 1 chains (Figure 12.6). Since red cells
have only type 2 chains, they cannot make Lewis antigens. If the
type 1 chain has been unmodified, the Lewis-transferase makes
Lea antigen, whereas if the secretor α1,2-fucosyltransferase has
converted the type 1 chains to type 1 H, Leb is produced. In
a white population, 75% have active Lewis and secretor genes
and hence Le(a−b+) red cells; 20% have an active Lewis gene
but are H non-secretors and have Le(a+b−) red cells; 5% are
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Figure 12.6 Diagrammatic representation of H and Lewis antigens
in plasma and secretions. Lea requires the action of the Lewis
α1,4-fucosyltransferase (encoded by FUT3), H the action of the
H α1,2-fucosyltransferase (encoded by FUT2), Leb the action
of both Lewis and H fucosyltransferases, and ALeb and BLeb

the action of Lewis and H fucosyltransferases and the A or B
glycosyltransferases.

homozygous for Lewis genes with inactivating mutations and
are Le(a−b−) (Table 12.4). Le(a+b−) and Le(a−b+) red cells
incubated in Le(a−b−) plasma shed their Lewis antigens into the
plasma. Similarly, if Le(a+b−) or Le(a−b+) red cells are trans-
fused into an Le(a−b−) recipient, the transfused cells will gradu-
ally lose their Lewis antigens and will group as Le(a−b−) within
1 week of transfusion.

Development of Lewis antigens on red cells
The Lewis antigens are poorly developed at birth and red cells
from cord blood are usually Le(a−b−). Thereafter, Lea develops
first, followed by Leb if the relevant Lewis and secretor genes are
present. Red cells of children between the ages of 6 months and
4 years often type as Le(a+b+) if they are destined to become
Le(a−b+). The definitive adult Lewis phenotype may not be
reached until the age of 4–5 years.

Lewis antibodies

Lewis antibodies are generally made only by Le(a–b–) individu-
als. Anti-Lea occurs fairly frequently. The incidence of Le(a−b−)
is much higher in people of African and Southeast Asian origin
than in Europeans, and Lewis antibodies may be found in up to
10% of random serum samples from black people.
Anti-Leb commonly accompanies anti-Lea. Pure anti-Leb is

uncommon.
Lewis antibodies are predominantly IgM. They usually agglu-

tinate the appropriate cells at 20 ◦C. All Lewis antibodies that
react at 37 ◦C will bind complement and may lyse antigen-
positive cells. Lewis antibodies do not agglutinate red cells in
saline at 37 ◦C, but can be detected with anticomplement in an
indirect antiglobulin test (IAT).
Anti-Lea active at 37 ◦C is usually more haemolytic than anti-

Leb, and some anti-Lea+b can be very potent, leading to intravas-
cular red cell destruction in the initial stages of transfusion. All
Lewis antibodies active at 37 ◦C lead to two-component survival
curves of transfused incompatible red cells, i.e. the first cells are
destroyed at an accelerated rate and the remainder, which have

Table 12.4 The Lewis system and secretion of ABH.

Genotype Antigens in saliva Plasma/red cells∗

FUT2 (secretor) FUT3 (Lewis) Lea Leb ABH Lea Leb

Se/Se or Se/se Le/Le or Le/le + ++ ++ − ++
Se/Se or Se/se le/le − − ++ − −
se/se Le/Le or Le/le +++ − − ++ −
se/se le/le − − − − −

∗Lea and Leb on red cells are passively adsorbed from plasma.
Le, active allele at FUT3 locus; le, inactive allele; Se, active allele at FUT2 locus; se, inactive allele.
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lost their adsorbed Lewis antigens into the recipient’s Le(a–b–)
plasma, will have a normal survival.
For patients with Lewis antibodies reacting at 37 ◦C, ABO-

identical red cells, compatible in an IAT cross-match at 37 ◦C,
should be transfused. It is important to choose ABO-identical
cells because group A, B and AB cells carry fewer Lewis antigens
than group O cells, which are the cells routinely used in anti-
body screening. The provision of pre-typed Le(a−b−) blood for
patients with Lewis antibodies is not necessary, as it is always
easy to find ABO identical, cross-match-compatible red cells
at 37 ◦C.
Lewis antibodies do not cause HDFN as they are IgM and,

moreover, newborn infants have Le(a−b−) red cells.

P blood groups

P1 antigen is present on red cells of about 75% of Caucasians
thoughP1 frequency varies in different populations. P1 isweakly
expressed at birth and its strength varies considerably in adults.
For this reason, identification of anti-P1 can be difficult, as panel
cells will have varying expression of the antigen.
Anti-P1 is naturally occurring and commonly found in the

serumof P1-negative individuals.Unlike anti-A and anti-B, anti-
P1 rarely causes transfusion reactions because it is usually not
reactive above 30 ◦C.
Anti-PP1PK and anti-P invariably occur in the sera of the very

rare individuals with p and PK phenotypes, respectively. Anti-
PP1PK reacts with all red cells except those of the p phenotype;
anti-P reacts with all red cells except those of the PK and p phe-
notypes. They are usually strong IgM antibodies, often lytic at
37 ◦C, and can cause severe haemolytic transfusion reactions. If
p or PK patients need transfusion, autologous blood or red cells
from the international panel of rare cells should be given. Occa-
sionally, IgG anti-P or anti-PP1PK have been associated with
spontaneous early abortion.
The biphasic Donath–Landsteiner autoantibody, found in the

sera of patients suffering from paroxysmal cold haemoglobin-
uria, is always IgG and usually has anti-P specificity.

I and i antigens and antibodies

I and i antigens are carbohydrates and are on the interior struc-
tures of the complex oligosaccharides that carry ABO, H and
Lewis antigens; i is the biosynthetic precursor of I. The i anti-
gen represents linear structures that are converted to I-active
branched structures by the transferase coded by the I gene. This
enzyme is not active in neonates. Consequently, red cells of most
adults are agglutinated strongly by anti-I and only weakly by
anti-i, whereas red cells from cord blood give the opposite result.
Adults who are homozygous for rare inactivating mutations in

the I gene have the adult i phenotype; their red cells react weakly
with anti-I and strongly with anti-i, and their serum contains
anti-I.
Autoanti-I active at 20 ◦C, but not at 30 ◦C, occurs in a vari-

ety of disorders and after blood transfusions. These patients’ red
cells give a negative direct antiglobulin test. A transient increase
in strength, titre and thermal range of anti-I regularly occurs
after infections with Mycoplasma pneumoniae and occasion-
ally leads to acute haemolysis; red cells of such patients give a
positive DAT, as do those of patients suffering from chronic cold
haemagglutinin disease (CHAD). In CHAD, the autoantibody is
nearly always monoclonal and usually has anti-I specificity.
Autoanti-i is found transitorily in many patients suffering

from infectious mononucleosis. Very occasionally, the titre and
thermal range of this antibody may lead to acute haemol-
ysis. Autoanti-i may occasionally be the antibody specificity
in chronic CHAD. Such patients often have an underlying
lymphoma.

The Rh system

Rh is the second most important blood group system in blood
transfusion. Anti-D is formed readily when D-positive blood
is transfused to a D-negative person. The Rh system contains
a total of 54 antigens, but D is the most important, owing to
its high immunogenicity and ability to cause severe HDFN and
HTRs.

Rh antigens

Alloanti-D was initially considered to be identical to antibod-
ies produced in rabbits and guinea pigs immunized with rhe-
sus monkey red cells. Later animal anti-Rh was shown to detect
a different determinant renamed LW. LW is now known to be
intercellular adhesion molecule-4 (ICAM-4). A remnant of the
original name, rhesus, remains in the name of the blood group
system, Rh. For clinical purposes, individuals are often called
Rh-positive if they have the D antigen and Rh-negative if they
lack D. Approximately 85% of Caucasians, 95% of Africans and
over 99% of eastern Asians are D-positive.
Two pairs of antithetical antigens, C (RH2) and c (RH4), and

E (RH3) and e (RH4), are closely associated with D genetically.
There is no antithetical antigen to D, so d represents the absence
of D. From serological analyses, D, C/c and E/e behave like the
products of three closely linked genes and the eight Rh haplo-
types are often written as DCe, DcE, dce, etc (shorthand, R1 ,
R2 , r, respectively) (Table 12.5).
Molecular genetics has shown that there are only two Rh

genes, one encoding D, the other encoding the Cc and Ee anti-
gens, but as the Cc and Ee polymorphisms are determined by
separate regions of a single gene, the DCE terminology is still
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Table 12.5 Eight Rh haplotypes and their frequencies in English,
Nigerian and Hong Kong Chinese populations.

Haplotype Frequencies (%)

CDE Rh-Hr English Nigerian Chinese

DCe R1 42 6 73
dce r 39 20 2
DcE R2 14 12 19
Dce R0 3 59 3
dcE r′′ 1 Very rare Very rare
dCe r′ 1 3 2
DCE Rz Rare Very rare Rare
dCE ry Very rare Very rare Rare

Results of testing, with anti-D, -C, -c, -E and –e, red cells from 2000
English donors, 274 Yoruba of Nigeria and 4648 Cantonese from Hong
Kong.

suitable for understanding Rh at most levels. The approximate
frequencies of the Rh gene complexes in three populations are
shown in Table 12.5. Genotype frequencies vary considerably
in different parts of the world: e.g. dce/dce (Rh-negative) varies
from about 35% in Basques to 0.3% in Japanese and Chinese.

Probable Rh genotype

When a person’s Rh phenotype is known, the probable genotype
can be discerned and its likelihood calculated fromknown geno-
type frequencies within the same population. When probable
genotype determinations are carried out, it is very important that
the ethnic origin of the person is known; figures for one popula-
tion will not apply to people of other populations. For example,
in white populations, dce is 15 times more common than Dce,
whereas in African populations Dce has a slightly higher fre-
quency than dce. Consequently, the phenotype D+ C+ c+ E−
e+ represents a probable genotype of DCe/dce in a white per-
son, but of DCe/Dce in a black person.

Molecular genetics of Rh

Rh genes and proteins
Rh antigens are encoded by two closely linked genes with 92%
sequence homology.RHD encodes theD antigen andRHCE the
Cc and Ee antigens. Each consists of 10 exons and, unusually for
homologous genes, the two genes are in opposite orientations on
the chromosome (Figure 12.7). Each gene encodes a 416-amino-
acid polypeptide of 30–32 kDa that is palmitoylated but not gly-
cosylated. The polypeptides encoded by RHD and RHCE differ
by 31–35 amino acids, depending on the RHCE genotype. The
Rh polypeptides traverse the lipid bilayer 12 times, with both

1 10 10 1 1 10
RHAGRHCERHD

RhAGRhCcEeRhD
N C C N N C

Chromosome 1 Chromosome 6

Figure 12.7 Rh and related genes (in pink) and the polypeptides
they encode (in orange), showing the 10 exons of RHD and RHCE
in reverse orientation on chromosome 1 and of RHAG on
chromosome 6, and the RhD and RhCcEe polypeptides and RhAG
glycoprotein crossing the membrane 12 times.

termini in the cytoplasm and six extracellular loops that provide
the putative sites for antigenic activity (Figure 12.7). Rh antigen
activity is very dependent on the conformation of the proteins
within themembrane andmay involve interactions between two
or more of the extracellular loops.

D, C/c and E/e polymorphisms
In white people, the D-negative phenotype almost always results
from homozygosity for a complete deletion of the RHD gene.
D-negative represents the absence of the RhD protein from the
membrane. D-positive people may be homozygous or hemizy-
gous for RHD. However, most D-negative black Africans have
an inactive RHD, called the RHD pseudogene (RHD𝜓).
The Cc polymorphism is associated with three or four amino

acid substitutions encoded by exons 1 and 2 of RHCE, although
the definitive change is Ser103 for C and Pro103 for c in the sec-
ond extracellular loop of the RhCcEe protein. E and e are asso-
ciated with Pro226 and Ala226, respectively, in the fourth extra-
cellular loop.

The Band 3/Rh molecular macrocomplexes

The two Rh proteins are closely associated in the red cell mem-
brane with the Rh-associated glycoprotein (RhAG). RhAG has
a similar conformation, spanning the membrane 12 times, but
is glycosylated (Figure 12.7). The complex of Rh proteins and
RhAG is part of a membrane macrocomplex, with band 3 (the
anion exchanger and Diego blood group antigen) at its core, and
also containing the LW glycoprotein (ICAM-4), CD47 and gly-
cophorins (GP)A and B. This macrocomplex is attached to the
cytoskeleton, primarily through ankyrin and protein 4.2 (Fig-
ure 12.1). Another macrocomplex containing band 3 and the Rh
proteins also contains the Kell, Kx and Duffy proteins, plus GPC
(Gerbich), which links the complex to the cytoskeleton.

208



Chapter 12 Red cell immunohaematology

The Rh proteins are only present on erythroid cells, but RhAG
is more widely distributed.

Variants of D

Most D-negative individuals lack the whole RhD protein from
their red cells and, when immunized by D-positive red cells, can
make antibodies to an array of epitopes on the external loops
of the RhD protein. About 30 D epitopes have been defined with
monoclonal antibodies. There are numerous variants ofD. These
used to be divided into two types, weak D (formerly Du) and
partial D, though these terms are not adequately defined and
of little value clinically. The usual understanding is weak D red
cells express all epitopes of D at a low level and individuals with
weak D phenotype cannot make anti-D, whereas partial D red
cells lack some epitopes of D and so individuals with a partial
D phenotype, if immunized by a normal complete D antigen,
can make antibodies to the D epitopes they lack. These antibod-
ies behave as anti-D in most circumstances. However, things are
not that simple and some phenotypes named weak D have sub-
sequently been found in individuals who have made anti-D and,
in addition, some so-called partial D antigens are expressed very
weakly. So, the terms weak D and partial D should be abolished
and the abnormal D antigens all included in the term D variant.
The most important D variant, from a transfusion perspec-

tive, is DVI (‘D six’). It is not the most common, but lacks most
of the D epitopes and is therefore the D variant most com-
monly associated with the production of anti-D. In the UK it
is recommended that anti-D reagents for typing patients should
not detect DVI. Consequently, DVI patients will be typed as D-
negative and transfused with D-negative red cells and DVI preg-
nant women will be given anti-D prophylaxis. Ideally, one of the
anti-D reagents used for typing donor red cells should detect
DVI; henceDVI donorswill be typed asD-positive. This strategy
means that DVI individuals should be considered D-negative
patients, but D-positive donors. Weak D types 1, 2, and 3 are
three of themost commonD variants and are almost never asso-
ciated with anti-D production.
In view of the high quality of monoclonal anti-D in the UK,

the recommended method for D typing of patients requires
direct agglutination tests, in duplicate, with potent IgM mono-
clonal anti-D reagents. An antiglobulin test is no longer
required. Patients whose red cells appear D-positive, but give
weak or inconsistent reactions, suggestive of a D variant, are
treated as D-positive and transfused with D-positive blood
unless they are females of childbearing potential or transfusion
dependent. In those cases, they are treated as D-negative and
transfused with D-negative blood unless they are shown to have
the weak D type 1, 2, or 3. This strategy is designed to conserve
valuable stocks of D-negative red cells for patients who really
need them.
Similarly, donors are not typed any longer for D by an

antiglobulin test because it is unlikely that transfusion of very

weak D red cells to a D-negative patient will result in immuniza-
tion of the patient. In some countries, however, the antiglobulin
test for D typing of donors is still required and in Switzerland a
molecular test is mandatory for confirming D-negative status of
donors.

Molecular basis of D variants
D variants result either from missense mutations in RHD,
encoding single amino acid changes, or from an RHD in which
a segment has been replaced by the equivalent segment of
an RHCE gene due to unequal crossing over or gene conver-
sion. For example, the most common form of DVI is produced
by an RHD–CE–D hybrid gene in which exons 4–6 have the
nucleotide sequence of RHCE, and external loops 3 and 4 of
the encoded hybrid protein have the amino acid sequence of an
RhCe protein.Hence, a protein is producedwith a sequence sim-
ilar enough to RhD to be stable in the membrane, but different
enough to lackmany epitopes of D. A variety of names have been
used to denote the different types ofD variants, for exampleDIII,
DVI, DFR, DAR, DBT, which can be distinguished by sophisti-
cated serological techniques, and weak D types 1–76, which can
only be distinguished by molecular techniques.

Antibodies of the Rh system

Naturally occurring antibodies
Generally, Rh antibodies are only produced following immu-
nization with red cells. However, anti-E is often naturally occur-
ring; about half may occur without a history of pregnancy or
transfusion. Rarely, naturally occurring anti-D and anti-Cw are
found. All such naturally occurring Rh antibodies react opti-
mally with enzyme-treated cells; if they react at 37 ◦C by IAT,
they are clinically significant.

Immune antibodies
The clinical importance of the Rh system lies in the readiness
with which anti-D arises in D-negative subjects after stimula-
tion with D-positive red cells by pregnancy or transfusion. Pro-
phylaxis against D immunization with anti-D immunoglobu-
lin in pregnancy (see below) has led to a significant decrease
in the incidence of anti-D, but it still remains the most com-
mon immune antibody of clinical relevance detected in a routine
blood transfusion laboratory. D is considerably more immuno-
genic than the other Rh antigens, which have the following order
of immunogenicity: c > E > e > C.
About 20–30% of anti-D sera also appear to contain anti-C.

Usually, this anti-C is not a separable antibody and is probably
more correctly called anti-G. About 1–2% of anti-D sera also
contain anti-E. Anti-C (and anti-G) in the absence of anti-D is
very uncommon.
The incidence of other Rh antibodies is much lower, but

together they are more common than anti-K (Kell), which is the
most immunogenic antigen after D. In routine screening, pure
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anti-E is the most common, followed by anti-c, although anti-c
is a more common cause of HDFN, which can be severe. This
is probably because many anti-E are weak, naturally occurring
antibodies. Anti-e, like anti-C, is very rare.
The vastmajority of Rh antibodies are IgG and donot fix com-

plement. Anti-D may occasionally be partly IgA. IgM anti-D is
very rare.

D immunization and immunoprophylaxis
RhD is very immunogenic; over 80% of D-negative recipients of
a whole unit of D-positive red cells make anti-D and 17% of D-
negative women will be immunized by one pregnancy with an
RhD-positive offspring.

Prediction of fetal Rh genotype by molecular
methods

Knowledge of themolecular basis forD-negative phenotypes has
made it possible to devise tests for predicting fetal D type from
fetal DNA. This is valuable in determining whether the fetus of a
womanwith anti-D is at risk fromHDFN.Mostmethods involve
PCR-based tests that detect the presence or absence ofRHD, but
it is important to test for more than one region of RHD, so that
hybrid genes responsible for partial D antigens do not give a false
result, and to test for theRHD pseudogene (RHDψ), so that this
does not give rise to a false-positive result.
Although fetal DNA can be obtained by amniocentesis, this

procedure is associated with a significant risk of fetal loss and
feto-maternal haemorrhage. The best source is the small quan-
tities of free fetal DNA present in maternal plasma. This non-
invasive form of fetal D typing is now provided for pregnant
women with significant levels of anti-D as a routine service in
the UK and other parts of Europe, and should be considered the
standard of care in these patients.
It is also common practice to offer antenatal Rh prophylaxis

to all D-negative pregnant women, yet in a predominantly white
population about 40% of these women will have a D-negative
fetus and receive the treatment unnecessarily. Successful trials
have been carried out on high-throughput methods for deter-
mining fetal D type fromDNA inmaternal plasma, showing that
fetal D typing is reliable from about 11 weeks gestation. Fetal D
testing of all D-negative pregnant women is provided as a rou-
tine service in several European countries.

The MNS system

Antigens of the MNS system

M and N are inherited as codominant Mendelian traits, giv-
ing rise to three common genotypes M/M, M/N and N/N. The
Ss locus, which is closely linked to MN, also consists of two
codominant alleles in Europeans and Asians, producing S or s

antigens. In northern Europeans, haplotype frequencies are as
follows: MS, 25%; Ms, 28%; NS, 8%; Ns, 39%. The system also
contains many variants. About 2% of black West Africans and
1.5% of African-Americans are S−s− and most of these lack the
U antigen that is present when either S or s is expressed.
The MN antigens are carried on glycophorin A (GPA), which

is encoded by theGYPA gene on chromosome 4. There are about
1 million molecules of GPA per cell, yet their absence in the rare
En(a−) phenotype does not affect red cell function or survival.
The negative charge of the red cells is mainly due to the ionized
COOH groups of sialic acid (neuraminic acid), which is mostly
carried on the oligosaccharides of GPA and can be removedwith
neuraminidase. En(a−) cells therefore have a reduced negative
charge and behave serologically as if they have been treated with
neuraminidase. GPB carries the S and s determinants. GPB is
encoded by GYPB, which is closely linked and homologous to
GYPA. S−s−U− red cells lack GPB. GPA and GPB are exploited
as receptors by the malaria parasite Plasmodium falciparum.

Antibodies of the MNS system

Anti-M is uncommon and is usually naturally occurring, but can
be immune and, very rarely, causes HDFN. Anti-N is also rare
and is nearly always cold-reactive IgM. Useful anti-N lectin can
be prepared from the seeds of Vicia graminea. Anti-S, the rarer
anti-s and anti-U are usually immune, IgG and can causeHDFN.
They have also been implicated in HTRs. Anti-U only occurs in
S−s− black people and reacts with all cells that have the S or s
antigens and up to 50% of cells that are S−s− and have a variant
U antigen. Finding compatible blood for a patient with anti-U
can prove difficult and it is often necessary to resort to the panel
of rare cell donors.

The Kell blood group system

TheKell system consists of 35 antigens, including one triplet and
four pairs of allelic antigens – K and k; Kpa, Kpb and Kpc; Jsa and
Jsb; K11 and K17; K14 and K24 – all of which represent amino
acid substitutions in the Kell glycoprotein. Three sets of antigens
are clinically important: K/k; Kpa/Kpb /Kpcand Jsa/Jsb.
In European whites, the incidence of the K/k phenotypes,

the most important clinically, is as follows: K+k−, 0.2%; K+k+,
8.7%; K−k+, 91.1%. K is rare in populations other than whites.
Jsa is present in about 20% of black people, but is extremely rare
in other ethnic groups. Ko, a very rare null phenotype of the
Kell system in which no Kell antigens are expressed, results from
homozygosity for a variety of inactivating mutations in the KEL
gene.
The Kell antigens are located on a glycoprotein that crosses

the cell membrane once, with a large glycosylated C-terminal
extracellular domain, maintained in folded conformation by
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multiple disulfide bonds. Reduction of these bonds by 2-
aminoethylisothiouronium bromide (AET) results in loss of
expression of all Kell antigens, leading to artificial Ko cells with
increased expression of Kx.
Anti-K is an important antibody in white populations; it is

nearly always immune, IgG and complement-binding. It causes
severe HTRs and HDFN. K stimulates the formation of anti-K
in about 10% of K-negative people given one unit of K-positive
blood. About 0.1% of all cases of HDFN are caused by anti-
K; most of the mothers will have had previous blood transfu-
sions. HDFN caused by anti-K differs from Rh HDFN in that
anti-K causes fetal anaemia by suppression of erythropoiesis,
rather than immune destruction of mature fetal erythrocytes.
Kell antigen is expressed by erythroid cells at a very early stage
of erythropoiesis and anti-K would facilitate destruction of early
erythroid progenitors, before they become haemoglobinized.
Anti-k is very rare, reacting with 99.8% of random blood sam-
ples. It is always immune and has been incriminated in HDFN.
Most other Kell system antibodies are rare, best detected by the
IAT and are usually clinically significant.
The Kell glycoprotein is linked by a single disulfide bond to

the Kx protein, produced by an X-linked gene, XK. Absence of
Kx, resulting from hemizygosity in males of a deletion of XK
or of XK containing inactivating mutations, gives rise to the
McLeod syndrome, in which there is no expression of Kx anti-
gen, weak expression of all Kell system antigens and a neuro-
acanthocytosis that is usually characterized by late-onset mus-
cular, neurological and psychiatric disorders, plus about 30% red
cells with acanthocytosis and associated haemolytic anaemia.
In some cases, an X chromosome deletion is large enough to
encompass XK and CYBB, a gene for a subunit of flavocy-
tochrome b558, which leads to McLeod syndrome and chronic
granulomatous disease (CGD). However, the majority of CGD
patients have normal Kell antigens and Kx. If boys with McLeod
syndrome and CGD are transfused, they are liable to make anti-
Kx, which can cause severe HTRs, needing to resort to the Inter-
national Rare Donor Panel for compatible blood.

Some other blood group systems

Fya and Fyb antigens of the Duffy system represent a single
amino acid substitution in the extracellular N-terminal domain
of the Duffy glycoprotein. Their incidence in the UK is as fol-
lows: Fy(a+b−), 20%; Fy(a+b+), 46%; Fy(a−b+), 34%. About
70% of African-Americans and close to 100% of West Africans
are Fy(a−b−). Anti-Fya is not infrequent. It is IgG, often
complement-fixing and can cause HTRs, but seldom HDFN. It
is best detected by IAT and does not react with red cells treated
with the proteases papain and ficin. Anti-Fyb is very rare and is
always immune.
Kidd has two alleles, Jka and Jkb , which represent a sin-

gle amino acid change in the Kidd glycoprotein. Phenotype

frequencies in the UK population are as follows: Jk(a+b−),
25%; Jk(a+b+), 50%; Jk(a−b+), 25%. The Kidd null phenotype,
Jk(a−b−) is very rare in most populations, but reaches an inci-
dence of greater than 1% in Polynesians. Anti-Jka is uncommon
and anti-Jkb is even rarer, but they may both cause severe trans-
fusion reactions and, to a lesser extent, HDFN. Kidd antibodies
have often been implicated in delayed HTRs; they are IgG and
predominantly complement-fixing up to C3b, but may be dif-
ficult to detect because they tend to disappear and then reap-
pear promptly in an anamnestic response. The antiglobulin test
is the best method for detection; reactions are enhanced if the
cells are protease-treated or if fresh serum is added as a source of
complement.
Lutheran is a complex system comprising 22 antigens, includ-

ing Lua and Lub, which represent a single amino acid sub-
stitution in the Lutheran glycoprotein. Phenotype incidence
in the UK is as follows: Lu(a+b−), 0.1%; Lu(a+b+), 7.5%;
Lu(a−b+), 92.4%. The extremely rare Lunull phenotype, inwhich
no Lutheran antigens are expressed, results from homozy-
gosity for an inactive Lutheran gene; anti-Lu3 may be pro-
duced. Lutheran antibodies are uncommon and are not gener-
ally clinically significant, although anti-Lub may have caused
mild delayed HTRs. Lua may be omitted from antibody
screening cells.
The Diego system antigens represent single amino acid sub-

stitutions in band 3, the red cell anion exchanger. Dia, is very
rare in white and black people, but relatively common in Mon-
goloid people, with frequencies varying between 1% in Japanese
and 50% in some native South Americans. Anti-Dia and anti-
Dib are immune and rare, but can cause HDFN. Wra has a fre-
quency of about 0.1%. Naturally occurring anti-Wra is present
in approximately 1% of blood donors. Anti-Wra is often found
in the serum of patients who have made other antibodies or
who are suffering from autoimmune haemolytic anaemia. Very
rarely, anti-Wra causes HDFN.
Doa and Dob of the Dombrock system represent a sin-

gle amino acid substitution on the Dombrock glycoprotein.
Approximately 67% of northern Europeans are Do(a+) and 82%
Do(b+). Dombrock antibodies are extremely rare, immune and
are best detected by IAT; they have been implicated in severe
acute and delayed HTRs. Dombrock reagents are rare and unre-
liable, so typing is best achieved by molecular methods.
Coa and Cob of the Colton system represent a single amino

acid substitution in the water channel aquaporin-1. Colton phe-
notype frequencies in white people are as follows: Co(a+b−),
90.5%; Co(a+b+), 9.0%; Co(a−b+), 0.5%. Colton antibodies are
very uncommon. Anti-Coa has caused severe HDFN, and has
been implicated in acute and delayed HTRs.
Yta and Ytb of the Yt system represent a single amino acid

change in red cell membrane acetylcholinesterase. Yta and Ytb

have frequencies of about 99.8% and 8% respectively. Anti-
Yta and anti-Ytb are exceptional and most are of no clinical
significance.
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JR, Lan and Ata are clinically significant antigens of very high
frequency. Anti-Vel, an antibody to an antigen of high frequency
causes severe HTRs.
There are many other antigens, of either very high or very

low incidence, not assigned to blood group systems. Some have
caused HDFN and/or HTRs. For those rare individuals who
have formed antibodies to high-frequency antigens, the provi-
sion of compatible blood can be a problem and it is often nec-
essary to approach the national or international panels of rare
donors for compatible units. Antibodies to low-frequency anti-
gens are usually naturally occurring; they may occasionally give
rise to unexpected incompatible cross-matches. Some antibod-
ies to low-frequency antigens have caused HDFN.

Polyagglutinable red cells

Erythrocyte polyagglutination is the agglutination of red cells
irrespective of blood group by many sera from normal adults.
Polyagglutinable red cells are not agglutinated by the patient’s
own serum. The abnormality is a property of the red cells, not of
the sera, in contrast to panagglutination, which is the agglutina-
tion of most red cells by one serum.
There are two main categories of polyagglutination, acquired

and inherited. The acquired forms can be subdivided into: (i)
microbial polyagglutination, which results from the action of
microbial enzymes on red cell surface oligosaccharides (T, Tk,
acquired B); and (ii) non-microbial polyagglutination, which is
caused by somatic mutation (Tn). There are four types of inher-
ited polyagglutination: Cad (strong expression of Sda), congen-
ital dyserythropoietic anaemia type II (CDAII or HEMPAS),
NOR and Hyde Park. Lectins are required for the identification
of the different types of polyagglutination.

The biological significance of blood group
antigens

The functions of many red cell membrane proteins bearing
blood group antigenic determinants are known, or can be
deduced from their structure. Some aremembrane transporters,
facilitating the transport of biologically important molecules
through the lipid bilayer: band 3 glycoprotein, theDiego antigen,
provides an anion exchange channel for HCO3

− and Cl− ions;
the Kidd glycoprotein is a urea transporter in red cells and renal
endothelial cells; the Colton and GIL glycoproteins are aqua-
porin water and glycerol channels; JR and Lan are ATP-binding
cassette transporters, which translocate various substrates across
biological membranes. RhAG probably functions as a channel
for rapid CO2 transfer in and out of the cell. CO2 in the red cell
is converted to bicarbonate ions by carbonic anhydrase II and
then transported rapidly out of the cell to the plasma by band 3,

part of the same macrocomplex as RhAG, where it is carried to
the lungs.
The Lutheran, LWand Indian (CD44) glycoproteins are adhe-

sion molecules, possibly serving their functions during ery-
thropoiesis. The Duffy glycoprotein is a chemokine recep-
tor and might function as a ‘sink’ or scavenger for unwanted
chemokines. The Cromer and Knops antigens are markers for
decay-accelerating factor and complement receptor 1, respec-
tively, which protect the cells from destruction by autologous
complement. Some blood group glycoproteins have enzyme
activity: the Yt antigen is acetylcholinesterase and the Kell anti-
gen is an endopeptidase that synthesizes endothelin-3, a vaso-
constrictor. The C-terminal domains of the Gerbich antigens,
GPC and GPD, and the N-terminal domain of the Diego glyco-
protein, band 3, anchor the membrane to its skeleton. The car-
bohydrate moieties of the membrane glycoproteins and glyco-
lipids, especially those of themost abundant glycoproteins, band
3 and GPA, constitute the glycocalyx, an extracellular coat that
protects the cell from mechanical damage and microbial attack.
The difference between red cell antigens that represent the

products of alleles (e.g. A and B, K and k, Fya and Fyb) is small,
often being just one monosaccharide or one amino acid. The
biological importance of these differences is unknown and there
is little evidence to suggest that one antigen confers any signif-
icant advantage over another. Most blood group systems have
a null phenotype in which the whole blood group protein is
absent from the red cells or any other cells. These usually result
from homozygosity for gene deletions or inactivating mutations
within the genes. In most cases, individuals with these null phe-
notypes are apparently healthy, suggesting that whatever the pre-
cise function of the missing structure may be, some other struc-
ture must be able to substitute in its absence. However, there are
exceptions; rare Rhnull individuals, who lackD andCcEeRh pro-
teins, as well as RhAG, have chronic haemolysis, which may be
compensated by increased red cell production, but may require
splenectomy for stabilization. Absence of the Kx protein causes
weakness of expression of all Kell antigens, as a result of link-
age between the two proteins in the membrane, but is also asso-
ciated with neuroacanthocytosis. Very rare patients lacking the
RAPH glycoprotein, CD151, have disruption of basementmem-
branes causing hereditary nephritis, epidermolysis bullosa and
neurosensory deafness. A patient lacking the Diego antigen, the
anion transporter, only survived with extrememedical interven-
tion.On the other hand, peoplewith the rare Bombay phenotype
lack ABH antigens from all cells and tissues, with no apparent ill
effect or red cell abnormality.
Some blood group antigens are exploited by pathological

microorganisms as receptors for attaching and entering cells.
Consequently, in some cases absence of antigens can be bene-
ficial. The Duffy glycoprotein is used by Plasmodium vivax to
penetrate red cells. Hence, the Fy(a−b−) phenotype, common
in Africans, confers resistance to P. vivax malaria. Plasmod-
ium falciparum malaria appears to have played a part in the
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establishment of the ABO polymorphism. The geographic dis-
tribution of group O is consistent with selection pressure by
P. falciparum in favour of group O individuals in malaria
endemic regions.
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CHAPTER 13

13Clinical blood transfusion
Shubha Allard and Marcela Contreras
Barts Health NHS Trust and NHS Blood and Transplant
Blood Transfusion International, London, UK

Introduction

This chapter covers key aspects of blood donation and collec-
tion, and the preparation and storage of blood components; it
describes pretransfusion testing of donors’ and recipients’ blood,
complications and adverse effects of blood transfusion, as well
as the appropriate use of components and transfusion alter-
natives available in different clinical scenarios. The features of
haemolytic disease of the fetus and newborn are also described.

Blood transfusion and regulatory aspects

Concerns about blood safety and in particular transfusion-
transmitted infection have resulted in an increasingly strin-
gent regulatory framework for transfusionmedicine. TheWorld
Health Organisation (WHO) and the Council of Europe (CoE)
have defined a code of ethical principles, which are not legally
binding, but widely serve as guidance for countries, on blood
donation and transfusion practice. The European Union (EU)
Blood Directives set standards of quality and safety for the col-
lection, testing, processing, storage anddistribution of blood and
components. In the UK these Directives have been transposed
into law as the Blood Safety and Quality Regulations 2005.

The blood donor (Tables 13.1 and 13.2)

Blood donation shall in all circumstances be voluntary. Financial
profit must never be a motive for the donor or for those collecting
the donation.

These statements sum up the attitude of theWHO and the Inter-
national Society of Blood Transfusion towards the principle of
blood donation. Repeated voluntary donations are associated
with the lowest risk of transfusion-transmitted infection. How-
ever, in a number of countries worldwide, whole blood donation
and, especially, apheresis plasma donation, are still remunerated.

Selection criteria and blood donation

Donor selection criteria are aimed at ensuring the safety of the
donor and also minimizing risk to recipients needing transfu-
sion, in particular risk of the transmission of infection. Blood
donors should be healthy adults within a permitted age range
withminimum requirements forweight, haemoglobin, donation
volume and donation frequency (see Table 13.1).
The minimum age for blood donation in many countries is

17 years, essentially aimed at avoiding donation in adolescence
when iron requirements are high. Similarly pregnant and lac-
tating women are not accepted. In the UK the upper age limit
for first-time donors is 65 years, with no upper age limit for
regular donors, but with annual health review after their 66th
birthday. A full donor medical history (Table 13.2) will help
identify those not suitable for donation (e.g. cancer, cardiovas-
cular or renal disease). A full travel history is essential together
with any activities known to be associated with increased risk
of acquiring infections with temporary or permanent deferral
as needed (see below). Due to the risk of delayed faints, donors
in hazardous occupations or hobbies (e.g. scaffolding, firemen,
climbers) should not be allowed to return to work or their hob-
bies until the following day.
The haemoglobin level is assessed prior to each donation gen-

erally by a semi-quantitative, gravimetric method using a drop
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Table 13.1 Measures to protect the donor from adverse effects of
large volume blood withdrawal.

� Age 17–70 years (60 at first donation). In the UK, the upper
age limit for first-time donors is 65 years, with no upper age
limit for regular donors, but with annual health review after
their 66th birthday.
� Weight above 50 kg
� Haemoglobin > 135 g/L for men, 125 g/L for women
� Minimum donation interval of 12 weeks (16 weeks for
females)
� Pregnant and lactating women excluded because of high iron
requirements
� Exclusion of those with:
◦ Known cardiovascular disease e.g. ischaemic heart disease
◦ Significant respiratory disorders
◦ Epilepsy and other CNS disorders
◦ Inflammatory bowel disease
◦ Insulin-dependent diabetes
◦ Chronic renal disease (CKD ≥3)
◦ Ongoing medical investigation or clinical trials

� Exclusion of any donor returning to occupations such as
driving bus, plane or train, heavy machine or crane operator,
mining, scaffolding, etc. because delayed faint would be
hazardous

of capillary blood in a copper sulfate solution, but this may be
supplemented by use of portable haemoglobinometers. The EU
Blood Directive states a haemoglobin standard of 134 g/L for a
male donor and 124 g/L for a female donor. No more than 15%
of the estimated blood volume should be taken during any one
donation and, in general, 450mL+10%of blood is collectedwith
an interval of 12 to 16weeks betweendonations. Individual com-
ponents such as platelets and plasma can also be collected by
apheresis using a cell separator with a maximum of 24 proce-
dures in 12 months.
Donors with minor red cell abnormalities, such as thalas-

saemia trait and hereditary spherocytosis, are acceptable, pro-
viding the haemoglobin screening test excludes anaemia. Red
cells from donors with sickle cell trait containingHbSmay block
leucodepletion filters and have limited survival under condi-
tions of reduced oxygen tension and so should not be trans-
fused to newborn infants and patients with sickle cell disease.
Red cells from donors with glucose-6-phosphate dehydrogenase
deficiency survive normally, unless the recipient is given oxi-
dant drugs. Individuals with hereditary haemochromatosis are
accepted for donation provided they meet other donor selection
criteria and are under ongoing medical review.
Maintaining donor numbers and attendance is a key challenge

in most countries. Much time, effort and investment, including
information technology and social media, are needed to pro-
mote donor recruitment and retention to maintain adequate
national blood stocks.

Table 13.2 Conditions in the donor, that lead to exclusion/deferral,
in order to protect recipients (based on UK guidelines).

� All potential donors provided with information, so those at
risk of HIV through lifestyle will refrain from donation (sexual
practices, piercing, tattooing)
� Donors with history of hepatitis deferred until 12 months
after recovery
� All potential donors who have themselves received a blood
component transfusion since 1980 (due to risk of third-party
vCJD transmission)
� Those who have received pituitary-derived hormones or
cadaveric dura mater or corneal grafts, and those with family
history of CJD
� Those whose travel history or country of origin places them
at risk of malaria, Chagas disease (unless antibody test
available)
� Permanent exclusion of any donor who has had filariasis,
bilharzia, yaws or Q fever
� Exclusion for varying time periods following vaccinations
� Temporary exclusion after known exposure to infectious
illnesses such as varicella
� Exclusion of anyone with a malignant condition except fully
excised BCC of skin or carcinoma in situ
� Exclusion of those with diseases of unknown origin, e.g.
Crohn’s disease
� Donor deferral for certain drugs based on the underlying
illness, e.g. insulin, malignancy
� Exclusion of those taking teratogenic drugs or those that
accumulate in the tissues

BCC, basal cell carcinoma; vCJD, variant Creutzfeldt–Jakob disease

Transfusion-transmitted infection (TTI)

A number of diseases have the potential to be transmitted by
transfusion of blood or its components (see Table 13.3). The epi-
demiology of infection in the population of a particular coun-
try can help guide the microbiological testing required. Care-
ful donor selection criteria, with detailed questionnaires, aimed
at excluding individuals at high risk of carrying infection, are
supported by stringent microbiological testing (Table 13.4) with
additional use of measures where appropriate to protect the
recipient (see Table 13.5). Despite these measures, infectionmay
still be transmitted, although rarely, due to the donor being in
the incubation or ‘window period’ before testing becomes posi-
tive for infective markers or due to transmission of infections of
unknown aetiology, or where no screening test available to date
(e.g. prion disease).
The viruses that pose the greatest potential risk for transmis-

sion by transfusion are those that have long incubation periods
(often causing subclinical infection), and especially those that
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Table 13.3 Transfusion-transmissible agents.

Agents Characteristics related to transfusion

Viruses
Hepatotropic HAV Very rarely transfusion transmitted during incubation; no carrier state;

faecal–oral transmission
HEV As above but person-to-person spread is rare
HBV 2–6 month incubation period; carrier state; readily transmissible by blood
HCV Majority of cases asymptomatic; carrier state; readily transmissible by blood

Retroviruses HIV-1 and HIV-2 Carrier state and latent in WBCs; readily transmissible by blood
HTLV-I and HTLV-II Latent in WBCs

Herpesviruses CMV 50% of UK adults have been infected; latent in WBCs
EBV Most UK adults have been infected (therefore already exposed

pretransfusion); latent in WBCs
Others Parvovirus B19 Generally mild or asymptomatic, posing no transfusion risk except for

non-immune aplastic anaemia patients and fetuses
Approximately two-thirds of UK adults have been infected
Seasonal variation (and epidemic years) in incidence rate

West Nile virus Recently exhibiting epidemic rates of transmission in summer months in
North America

Dengue virus Transfusion transmission has been reported in Asia

Bacteria
Endogenous Treponema pallidum Inactivated by storage at 4 ◦C

No transfusion transmissions reported in the past 20 years
Yersinia enterocolitica Very occasional transmissions, usually contaminated red cells transfused late

in the storage period
Exogenous e.g. Staphylococcus

epidermidis,
Micrococcus, Sarcina

Mainly skin commensals or contaminants
Most common cause of platelet contamination

Parasites
Malaria Frequently transmitted in endemic countries in Africa, Asia and the

Caribbean. Only five verified transfusion-transmission cases reported in
UK in 25 years (all Plasmodium falciparum)

Chagas disease No transmission of Trypanosoma cruzi by transfusion has been reported in
UK; many cases in Latin America

Prions
Abnormal PrP Transfusion risk from vCJD. Only five possible cases of transmission in 18

years (three with disease)

WBCs, white blood cells

may be carried by asymptomatic individuals for many years, or
even lifelong. Alternatively, some viruses that are transfusion
transmissible exhibit cell-associated latency. If the virus is latent
in white blood cells, recrudescence of that virus, stimulated by
allogeneic transfusion, can cause infection of the recipient.
More rarely, a few viruses causing acute infection can be

transmitted in the short presymptomatic viraemic phase, if this
coincides with the time of blood donation. Such agents pose
a risk only if recipients have not been previously infected and
donors have become infected during an epidemic period (e.g.

parvovirus B19) or after visiting endemic countries (e.g. hepati-
tis A). Bacteria, especially skin contaminants and blood-borne
parasites, are also potentially transmissible by blood transfusion.
Surveillance schemes used by blood services with regular

analyses of the number of infections detected in blood donors
can help provide figures for the calculation of the risk of unde-
tected infection (see Table 13.6). This also helps provide infor-
mation on where and how the infection was acquired and can
be used to improve donor selection guidelines. In the UK, in the
period between 1995 and 2011,HIV infections detected in blood
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Table 13.4 Microbial testing in England and North Wales.

HIV ELISA (combined HIV-1 antigen plus anti-
HIV-1 and anti-HIV-2); NAT for RNA

HBV HBsAg ELISA; NAT for DNA
HCV Anti-HCV ELISA plus NAT for RNA
HTLV Anti-HTLV ELISA (on pools of samples)
CMV Anti-CMV for selected immunosuppressed

recipients only
Malaria Antibody screening of potentially exposed

donors
Chagas disease Antibody screening of potentially exposed

donors
Bacteria All donations are tested for antibody to

syphilis; all platelet preparations are tested
by culture methods

donors were most often sexually transmitted while HBV infec-
tion was predominantly related to country of birth or parent’s
country of birth (with high prevalence of infection) and HCV
infection was mainly associated with intravenous drug abuse.
Some groups of people may be at particular risk of blood-

borne infections, e.g. intravenous drug abusers and individuals
paid to have sex, who are accordingly asked never to give blood.
Other individuals may be asked to wait 12months before donat-
ing e.g. after tattooing or after sex with a high risk partner. In the
UK, a major review by the Advisory Committee for the Safety

Table 13.5 Measures to protect the recipient.

Measure UK currently

Donor selection Yes
Donor deferral/exclusion Yes
Stringent arm cleansing Yes
Diversion of the first 20–30 mL of blood
collected

Yes

Microbiological testing of donations Yes
Immunohaematological testing of donations Yes
Leucodepletion of cellular blood
components

Yes

Postcollection viral inactivation of FFP
(e.g. MB or SD treatment)

For at-risk
patients

Safest possible sources of donors for
plasma-based products

For at-risk
patients

Monitoring and testing for bacterial
contamination

Yes

Pathogen inactivation of cellular
components (e.g. psoralens)

No

Prion filtration No

MB, methylene blue; SD, solvent-detergent

Table 13.6 Estimated risk per million blood donations of hepatitis
B virus, hepatitis C virus and HIV entering the blood supply in the
UK 2010–2012 (data and information collected by the
NHSBT/Public Health England Epidemiology Unit).

Hepatitis B
virus

Hepatitis C
virus HIV

All donations 0.79 0.035 0.14
Donation from repeat
donors

0.65 0.025 0.14

Donations from new
donors

2.23 0.133 0.18

The risk estimates in the UK, 2010–2011 per unit of donated
blood are:
Hepatitis B: 1 in 1.3 million; Hepatitis C: 1 in 28 million; HIV: 1
in 6.7 million
https://www.gov.uk/government/collections/bloodborne-infections-in-
blood-and-tissue-donors-bibd-guidance-data-and-analysis

of Blood, Tissues and Organs (SaBTO) resulted in a change in
donor selection guidelines. While previously men who had ever
had sex with other men were excluded from blood donation
permanently, the revised guidance states that such individuals
should be deferred from donation for 12 months after sex with
another man.

Hepatitis viruses

Donors with a history of hepatitis are deferred for 12 months.
The hepatitis viruses can be transmitted in cellular and plasma
components, as well as plasma products. The hepatitis B virus
(HBV) is readily transmitted by blood or body fluids, including
sexual intercourse and IV drug abuse. In endemic areas, such as
the Far East and China, vertical transmission mother to child is
common. The majority of patients will recover after initial acute
hepatitis, but a proportion may develop a chronic carrier state,
estimated at 350million individuals worldwide with a long-term
risk of cirrhosis and hepatocellular cancer.
Hepatitis B virus (HBV), when examined with the electron

microscope, has three types of particle; the large (42 nm diame-
ter) Dane particle is the actual virus with its central nucleocapsid
core, which has its own antigenic constituentHBc. The core con-
tains partially double-stranded DNA and DNA polymerase, and
is surrounded by a lipoprotein coat carrying the hepatitis B sur-
face antigen (HBsAg). The other two types of particles are 18–22
nm rods and spheres and represent overproduction of surface
antigen material. HBsAg can be detected for a few months in
cases of acute HBV infection, or for years in chronic carriers.
The HBe antigen, a marker of high infectivity, is in soluble form
and is present in the incubation period, during acute infection
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and during the first years of the carrier phase. Dane particles are
very rare in the plasma of low-infectivity carriers. When HBc
disappears, anti-HBc appears, persisting for a long time, in the
presence or absence of HBsAg. All donations are tested for the
presence ofHBsAgby sensitive ELISAs that can detect at least 0.2
IU/mL of HBsAg. More sensitive screening tests, such as HBV
NAT, have been introduced in the UK andmany countries, since
they are increasingly effective in shortening the window period
of infectivity. Hepatitis B remains the most commonly reported
viral TTI in the UK because of window-period transmissions
either during the incubation period or at the tail end of the car-
rier state.
Hepatitis C (HCV) is the cause of the majority of cases of

what was previously known as non-A non-B (NANB) hepati-
tis. There are around 170 million affected individuals world-
wide. Initial infection is often asymptomatic, but around 80%
of patients develop a chronic carrier state with long-term risk of
cirrhosis, liver failure and liver cancer. The risk of transmission
by blood transfusion has fallen dramatically since the introduc-
tion of HCV antibody screening and progressively more sensi-
tive nucleic acid testing (NAT).
Hepatitis A virus is rarely transmitted by transfusion, as there

is no carrier state. Any donor who has been in close contact
with a case (e.g. household contact) or developed hepatitis A is
deferred for 12 months, since HAV is only transmissible during
the incubation period or acute phase.
Hepatitis E virus (HEV) is spread by the oral–faecal route and

can cause a self-limiting illness. It can lead to chronic infec-
tion, especially in immunocompromised patients. Although
HEV is present in some UK donors, its potential transmissi-
bility through transfusions, as well as its clinical relevance, are
unknown.At present, donor screening forHEV is not advocated.

Human immunodeficiency virus (HIV-l and
HIV-2)

The vast majority of the literature on AIDS refer to HIV-1; a sec-
ond retrovirus capable of causingAIDS,HIV-2,mainly occurs in
West Africa. HIV can be transmitted in both cellular and plasma
components, Most of the patients infected by the transfusion of
blood components were transfused before the introduction of
screening of blood donations for HIV antibodies. Moreover, the
majority of recipients of fractionated plasma products infected
in the past were transfused before 1985 with unheated non-
pasteurized pooled plasma products, mainly factor VIII and fac-
tor IX concentrates. Thus, HIV infection became an important
sequel to transfusion of factor VIII concentrates to haemophili-
acs in the early 1980s. HIV is more heat labile than HBV, espe-
cially when in solution and is also susceptible to other viral inac-
tivation methods such as solvent-detergent treatment. On the
other hand, albumin solutions, which have always been pas-
teurized, and intramuscular immunoglobulin (Ig) preparations,

including anti-RhD Ig, which undergo a different manufactur-
ing process, have never been associated with HIV transmission.
In large areas of sub-Saharan Africa and Southeast Asia there

is a particularly high prevalence ofHIV seropositivity in the gen-
eral population. Inhabitants of these areas and their partners are
considered to be at greater risk of HIV infection than heterosex-
ual non-drug users in other areas of the world. Donor education
and encouragement of thosewhose behaviourmay have exposed
them to HIV to exclude themselves from blood donation are
highly cost-effectivemethods for the prevention of transmission
of HIV infection by blood transfusion.
Routine screening, combined with the well-established donor

education and self-deferral schemes, can reduce the already
small risk of HIV transmission by transfusion in those countries
where blood donors are voluntary and mostly regular.

Human T-cell leukaemia viruses

Human T-cell leukaemia viruses (HTLV-I and HTLV-II) are
related retroviruses. The importance of HTLV-II is not clear;
it appears to be associated with intravenous drug use in the
Western world and has no known association with any clini-
cal condition. However, HTLV-I is endemic in the Caribbean,
parts of Africa and in Japan, where 3–6% of the population
are seropositive. The virus is transmitted from mother to child
through breast-feeding. Infection with HTLV-I is associated
with at least two distinct clinical conditions; it can occasion-
ally lead to adult T-cell leukaemia, with an incubation period of
approximately 20 years, and, on even rarer occasions, to tropical
spastic paraparesis (also known as HTLV-I-associated myelopa-
thy), with a shorter incubation period. Only about 1%of patients
who are seropositive develop T-cell leukaemia. Both HTLV-I
and HTLV-II are cell associated and not transmitted in plasma.
In highly endemic areas, transmission of HTLV-I by transfu-
sion was relatively common before mandatory screening was
introduced. Both tropical spastic paraparesis and adult T-cell
leukaemia have been associated with transfusion-transmitted
HTLV-I. The prevalence of anti-HTLV in previously untested
UK blood donors is roughly 1 in 50,000. Screening using a
sensitive ELISA for anti-HTLV-I/II on pooled plasma samples
becamemandatory in 2002. In the UK, the residual risk of trans-
mission of HTLV by transfusion is of the order of 1 in 24million
donations.

Cytomegalovirus

Although most cases of post-transfusion cytomegalovirus
(CMV) infection are subclinical, the syndrome of post-
transfusion infectious mononucleosis-like illness is well recog-
nized, especially after the transfusion of large amounts of blood.
The infection is characterized by fever, splenomegaly and atypi-
cal lymphoid cells in the peripheral blood, with a negative Paul
Bunnell test. The usually benign course of CMV infection in
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most recipients and the high prevalence of CMV antibodies in
the general population havemeant that there has been no neces-
sity to screen all donors for evidence of past infection. Immuno-
suppressed individuals are at greatest risk from potentially fatal
pneumonitis or disseminated CMV infection.
In 2011, the Specialist Advisory Committee on the Safety

of Blood, Tissues and Organs in the UK (SaBTO), following
a review of available evidence, recommended that leucodeple-
tion of all blood components (other than granulocytes) pro-
vided adequate CMV risk reduction for most patients requiring
transfusion (haemopoietic stem cell transplant recipients, organ
transplant patients and immune deficient patients, including
those with HIV) without the requirement to provide them, in
addition, with CMV seronegative cellular blood components.
However CMV seronegative red cell and platelet components
should continue to be provided for intrauterine transfusions and
for neonates, as well as for pregnant women requiring repeat
elective transfusions during the course of pregnancy.

Syphilis

According to WHO data, the global incidence of syphilis has
increased in recent years. Each donation is tested by a serolog-
ical test for syphilis. Any donation from an individual giving a
positive result is discarded, and subjects with positive tests are
permanently debarred from donation, even after effective ther-
apy. In the past, syphilis testing was believed valuable as a surro-
gate marker for lifestyles known to be associated with high risk
of HIV infection.

Malaria

Plasmodia remain viable in red cells stored at 4 ◦C and are read-
ily transmissible by blood transfusion. In some endemic areas, all
recipients are treated with antimalarial drugs. In non-endemic
areas, there is a real risk of failure to recognize post-transfusion
malaria owing to the rarity and unexpectedness of the infec-
tion. This fact, combined with increasing travel to tropical areas,
necessitates the careful vetting of blood donors by direct ques-
tioning and, in some centres, by tests for malarial antibodies. In
the UK, donors with a history of possiblemalaria exposure (pro-
vided it was more than 6 months previously and they are free
of symptoms) can be accepted if they are negative by ELISA for
malarial antibodies.

Other infections

Acute viral infections, although associated with short phases
of viraemia, can pose transmission risk by transfusion espe-
cially if their incidence is high. This has been amply demon-
strated by West Nile virus (WNV) in North America. WNV is
an arthropod-borne infection of birds, with humans and horses
as incidental hosts. The annual outbreaks in recent years in

the USA and Canada have resulted in several transmissions by
transfusion, with severe morbidity and mortality in immuno-
suppressed and elderly patients. The EU Blood Safety Direc-
tive (and the Blood Safety and Quality Regulations) requires
that travellers from an area with ongoing transmission of WNV
in humans should be deferred for 28 days. Outbreaks of WNV
infection in a number of areas within Europe in 2010/11 led to
the introduction of WNV NAT testing of donations in affected
areas.
Arboviruses, such as dengue, though rarely, can be transmit-

ted by transfusion. Chinkungunya virus might be transmissible.
Diseases such as Chagas disease cause significant problems

for the blood transfusion services in Latin America and, due to
immigration, in the USA and Spain. Potential exposure of UK
donors necessitates stringent donor selection criteria and spe-
cific serological testing of those individuals to exclude the possi-
bility of infection. Babesiamicroti, the agent of Nantucket fever,
still poses a risk in certain areas of the USA. There are very few
reports of possible transmission of Leishmania donovani, all
outside Europe. Subjects giving a history of brucellosis are not
accepted as donors in the UK due to the risk of transmission of
this agent.

Bacteria

Bacteria from the donor arm can contaminate blood com-
ponents. Rarely, low-grade or asymptomatic infections in the
donor, with Salmonella or Yersinia, may be an endogenous
source of contamination of blood components. Coagulase-
negative staphylococci form normal skin flora are rarely
pathogenic, whereas Staphylococcus aureus, and Gram-
negative organisms, such as E. coli, Klebsiella spp. and
Pseudomonas spp., may result in life-threatening infections.
Platelet components are at particular risk due to their storage
at 20–24 ◦C, the risk increasing with length of storage. It is
estimated that up to 1 in 2000 platelet packs contain detectable
bacteria 5 days after donation and in the past, fatal reactions
have been reported in 1 in 25,000–80,000 transfusions. Most
pathogenic bacteria grow poorly in refrigerated temperatures
needed for red cell storage, but some Gram-negative organisms,
such as Yersinia enterocolitica and Pseudomonas spp., can
grow under these conditions.
Because haemovigilance reports showed that the risk of bac-

terial contamination by transfusion was greater than the risk of
viral infection, UK blood services introduced enhanced meth-
ods of donor arm cleansing, and ‘diversion’ of the first 20 mL of
the donation to reduce such risk. Routine bacterial screening of
platelet preparations is also now in place in the UK, with exten-
sion of the shelf-life from 5 to 7 days.
Pathogen inactivation (PI) technologies for platelets and red

cells, such as the use of light-activated psoralens that kill organ-
isms by damaging their DNA or RNA have the potential to elim-
inate both bacterial and viral transfusion-transmitted infections.
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While PI methods are now available, mostly for platelets, the
cost-effectiveness of these techniques, together with the long-
term risks, are uncertain, with the loss of viable platelets being a
concern.Accordingly, although someparts of Europe have intro-
duced PI, the potential for wide implementation in theUK is still
under review.

Prions
Variant Creutzfeldt–Jakob disease (vCJD), the human form
of bovine spongiform encephalopathy (BSE), is considered a
potential threat to blood safety, particularly applicable to theUK,
where 179 cases of vCJD have so far been reported. The number
of cases of clinical disease has been falling since it peaked in the
year 2000. To date, since 1996, when vCJD was first reported,
there have been only four cases in the UK where blood trans-
fusion of non-leucodepleted red cells may have been implicated
in transmission of vCJD. All four cases occurred before 2007.
A further possible transmission of vCJD prions was reported in
February 2009 in a patient with haemophilia who had received
batches of factor VIII to which a donor who subsequently devel-
oped vCJD had contributed plasma. The patient died of other
causes but was found to have evidence of abnormal prion accu-
mulation in his spleen.
There is no blood test at present for detecting prions in blood

donations. The full risk of vCJD in the UK population remains
uncertain and the UK blood services have taken a number of
precautionary measures to reduce the potential risk of trans-
mission of prions by blood, plasma and blood products. These
include: (i) barring various individuals from blood donation,
such as those who have received a blood transfusion or tis-
sue/organ transplant since 1980 or anyone who has received
human pituitary-derived hormones or grafts of human dura or
ocular tissue, (ii) universal leucocyte depletion of all blood dona-
tions since 1998, (iii) discarding UK plasma and importation of
plasma from countries other than the UK for fractionation into
plasma products and (iv) importation of fresh frozen plasma for
use in patients born after January 1996.

Laboratory tests on blood donations

Samples for laboratory testing are taken at the time of donation
in order to avoid later entry into the sterile blood pack. The rou-
tine tests are automated if large numbers of donor samples are
tested daily, as is the case in the UK.
All blood donors in the UK are tested at each donation for

syphilis, HBsAg, anti-HIV-1 and anti-HIV-2 and HIV antigen,
anti-HCV, HCV and HIV RNA, HBV DNA and anti-HTLV.
Some donations are screened for CMV antibodies for patients
in need of CMV-negative blood (as discussed previously). Addi-
tional testing may be needed of donors at particular risk based
on travel history e.g. malaria antibodies, T. cruzi (Chagas)
antibodies.

ABO and RhD grouping are determined routinely on each
occasion. Typing for other Rh antigens (C, E, c and e) and K
is now routinely performed on all blood donations in the UK.
Phenotyping for other red cell antigens such as Duffy, Kidd,
MNSs is performed on a restricted number of units in order to
provide antigen-negative blood for alloimmunized patients and
for transfusion-dependent patients likely to make multiple anti-
bodies, such as those with sickle cell disease. Ideally, girls and
women of childbearing age should be matched for c and K, as
anti-c and anti-K are, after anti-D, the major causes of severe
haemolytic disease of the newborn (HDN). In the UK it is now
accepted practice to give K-negative blood to females of child-
bearing potential to minimize the risk of forming anti-K.
All donations are also screened for the presence of atypical red

cell alloantibodies. The incidence of clinically significant red cell
alloantibodies in blood donors is very low (<0.3%) compared
with the incidence in potential recipients (1–2%). Donations
with potent clinically significant alloantibodies are not issued
to hospitals. There are additional requirements for blood pro-
vision for neonatal and intrauterine use, including the use of
repeat, rather than new, donors, HbS-negative and exclusion of
high titre anti-A and -B. GroupO blood for emergency or ‘flying
squad’ use, which may be given in an emergency to ungrouped
recipients, should be given as red cells in additive solution such
as saline-adenine-glucose-mannitol (SAGM) in order to avoid
problems that might be caused by high-titre anti-A,B in donor
plasma. As soon as the patient’s group is known, group-specific
blood should be given. If group O platelets have to be given
to non-O recipients, donors with high-titre anti-A,B should be
excluded as the providers of the plasma used to suspend the
platelets; alternatively, platelet-additive solutions can be used to
replace most of the plasma.
Molecular techniques are becoming increasingly available for

blood group testing and extended red cell genotyping; they are
likely to come into more routine use within blood services with
the application of rapid automated technology.

Storage and Processing of Blood

Donor blood is collected into plastic packs containing anticoag-
ulant and then transported without delay to the blood centre for
processing. In the UK, all units undergo leucodepletion at dif-
ferent stages of processing, depending on the final components
required (see below). Processing (see Figures 13.1 and 13.2) is
undertaken to produce red cells, platelets and plasma or cryo-
precipitate under stringent standards of quality control, as man-
dated by the EU Directives 2005.

Storage changes
Loss of red cell and platelet viability are themost important prac-
tical considerations. Progressive loss of viability varies according
to the combination of anticoagulant used, how blood is stored
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Figure 13.1 Diagrammatic representation
of the preparation of components from
whole blood by the ‘top and bottom’ or
‘buffy coat’ method. Items in boxes
represent final components. Ideally, 200 mL
of FFP to resuspend the platelet pool should
be from one of the male donors of the 4
buffy coats. FFP, fresh-frozen plasma.

prior to component separation, what storage medium the com-
ponents are stored in, and the pack systems used. The time limit
for storage of blood or its component parts is set, taking all
these into consideration. After transfusion of stored red cells or
platelets, a proportion is removed from the circulationwithin the

first 24 hours. The remainder appear to survive normally. There
are various changes in the in vitro characteristics of red cells
during storage (the so-called storage lesion), including depletion
of metabolic substrates such as adenosine triphosphate (ATP)
and 2,3-diphosphoglyerate (2,3-DPG), leakage of potassium and
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Figure 13.2 Preparation of leucodepleted
pooled, buffy-coat-derived platelet
preparations. After gentle centrifugation of
the buffy coat pool, the platelets remain in
the plasma supernatant and the buffy coat
residue is discarded. PAS, platelet additive
solution; LD, leucodepletion.
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changes in red cell morphology. Some of these changes can be
partially reversed ex vivo by incubationwith purine nucleosides,
or in vivo, following transfusion. ATP seems to be an impor-
tant determinant of red cell viability, although not the only one.
2,3-DPG is almost completely depleted in red cells after 14–21
days storage. Red cell 2,3-DPG is restored to normal by approx-
imately 24–48 hours after transfusion. The clinical significance
of the low 2,3-DPG level of stored red cells is unknown, but only
likely to be an important consideration in recipients with severe
anaemia or coronary artery insufficiency.
During storage of red cells, potassium gradually leaks out

through the cellmembrane once active transport has been halted
by the cooling of blood to 4 ◦C. There is rapid restoration of
electrolyte levels after transfusion. The pH of blood decreases
with storage, but most recipients can handle the acid load dur-
ing transfusion without ill effect. Likewise, there are a number of
changes in platelet function that occur during platelet storage,
including increased platelet activation and decreased respon-
siveness to agonists such as ADP. For both red cells and platelets,
the relationship between these changes in vitro and the function
of the cells following transfusion is complex, and it is notoriously
difficult to predict post-transfusion viability from the results of
laboratory testing.

Anticoagulants and optimal additive solutions

When blood is stored in a liquid state there is a progressive loss
of viability of the red cells, and of red cell ATP, and depletion
of 2,3-DPG. The purpose of modern anticoagulants used for the
collection of blood, and additive solutions, to store red cells and
platelets, is to reduce these changes to a minimum.
The vast majority of whole blood donations are collected into

CPD (citrate-phosphate-dextrose) anticoagulant. Platelets from
apheresis are collected into acid citrate dextrose. Optimal addi-
tive solutions such as SAGM containing saline, adenine, glucose
and mannitol have been developed to improve the viability of
plasma-depleted red cells on storage, and this is now the most
usual preservative solution for red cells in the UK. Due to theo-
retical concerns of adenine and mannitol toxicity, CPD contin-
ues to be used for the relatively large volume of red cells used for
neonatal exchange transfusion and for intrauterine transfusion,
with SAGM red cells used for top-up neonatal transfusions.

Leucodepletion

Many developed countries have introduced universal leucocyte
depletion of blood components. In the UK, leucodepletion of all
components, to a level below 5 × 106 white cells per unit, has
been mandatory since 1999, as a measure which might decrease
the risk of vCJD transmission by transfusion. Added benefits of
leucodepletion include a significant decrease in the incidence
of febrile non-haemolytic transfusion reactions, in the risk of
human leucocyte antigen (HLA) alloimmunization and in the

risk of transmission of intracellular viruses such as CMV and
HTLV. Leucodepletion filters can be used at the initial stage
on whole blood, leaving leucodepleted red cells and plasma, or
later on in the processing, for the preparation of platelet con-
centrates from pooled buffy coats, when the final components,
red cells, platelets and plasma must be filtered individually (see
Figures 13.1 and 13.2). These two alternative methods are nec-
essary because whole blood filters remove a significant number
of platelets, limiting production of platelet concentrates from fil-
tered whole blood.

Red cells

There are no specific clinical indications for the transfusion of
whole blood; therefore, the vast majority of donor blood is sep-
arated into its components. A multiple ‘bottom and top’ blood
collection pack is used (Figure 13.1) if the donation will be used
to make platelets; otherwise, a simpler ‘top and top’ system is
used tomake red cells and plasma. In the bottom and top system,
after centrifugation, whole blood collected in CPD is separated
into plasma at the top, a buffy coat in the middle and red cells at
the bottom (Figure 13.1). Fresh plasma is expressed from the top
and red cells from the bottom of the pack, leaving the buffy coat
in the original pack. The red cells are transferred to a pack con-
taining an optimal additive solution to preserve red cell function
during storage, and are also filtered. The resulting red cells have
a shelf-life of 35–42 days (35 days in the UK). Adult red cells in
SAGM in the UK have a volume of 220–340 mL with haemat-
ocrit of 0.5–0.7 and a residual plasma volume of 5–30 mL.
The specification for red cells for intrauterine (IUT) neonatal

transfusion is shown in Table 13.7.

Washed red cells
Patients with recurrent or severe allergic or febrile reactions to
red cells and especially those with severe IgA-deficiency with
anti-IgA may need washed red cells. These are produced either
manually with a 24-hour shelf life or in a closed, automated sys-
tem in which the red cells are washed to remove most of the
plasma and then re-suspended in 100 mL SAG-M with a shelf
life of 14 days after washing.

Frozen red cells
Red cells can be stored for a prolonged period (up to 10 years)
without damage if glycerol is added before freezing. Thawed
red cells must be washed free of glycerol before transfusion.
This method of storage is expensive and time-consuming, but
is invaluable as a means of storing red cells with rare phenotypes
(e.g. Bombay blood) and national banks of frozen rare cells have
been established for this purpose (see Chapter 12).

Platelet preparations

Platelets are produced from whole blood (Figure 13.1) or by
apheresis. Following the processing of whole blood, the buffy
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Table 13.7 Specifications of red cells for intra uterine transfusion
and neonatal transfusion (adapted from UK guidelines).

Red cell components for IUT
Plasma reduced (haematocrit 0.7–0.85)
In citrate phosphate dextrose (CPD) anticoagulant (theoretical
risk of toxicity from additive solutions)

Leucocyte-depleted
Less than 5 days old (to avoid hyperkalaemia)
Cytomegalovirus (CMV)-antibody negative
Sickle screen negative
Irradiated to prevent TA-GvHD (shelf life 24 hours)
Usually group O with low-titre haemolysins
RhD- and K-negative and red cell antigen-negative for
maternal alloantibodies

Compatible with the mother’s plasma by an IAT cross-match

Red cells for neonatal exchange transfusion
Plasma reduced with haematocrit of 0.5–0.6 to reduce the risk
of post-exchange polycythaemia

In CPD anticoagulant
Less than 5 days old
Irradiated (essential if previous IUT)
CMV-antibody negative
Sickle screen negative
Usually produced as group O (with low-titre haemolysins)
RhD negative (or RhD identical with neonate) and Kell negative
Red cell antigen negative for maternal alloantibodies
Compatible with the maternal plasma by IAT cross-match

Red cells for small-volume transfusion of neonates and
infants
Haematocrit 0.5–0.7
In SAG-M anticoagulant/additive solution (approximately
20 mL residual plasma)

Up to 35 days from donation
Group O (or ABO-compatible with baby and mother) and RhD
negative (or RhD compatible with the neonate)

CMV negative

coat layer contains most of the platelets, over 80% of the white
cells and 5–10% of the red cells. This is pooled with three other
buffy coats and more than 200 mL of plasma from only one of
the donations, preferably from a male donor (in order to avoid
the risk of transfusion of donor white cell antibodies that might
cause transfusion-related acute lung injury), using a sterile con-
necting device (Figure 13.2). The pool undergoes a second gen-
tle centrifugation step and the supernatant is used to produce a
platelet preparation, containing, on average, 3 × 1011 platelets.
The residue from the buffy coat pool, containing mainly white
cells and red cells, is then discarded. The systems that enable the
separation of buffy coats in a semi-automated manner are called
blood separators, e.g. Optipress.

Unlike red cells, platelets must be stored at 20–22 ◦C, since
storage at 4 ◦C results in poor survival following transfusion.
Platelets have a shelf-life of 5 days, and are stored in permeable
bags that allow the diffusion of oxygen into the pack, which,
with constant gentle agitation, maintains aerobic metabolism
and reduces the rate of fall of pH. The shelf-life of platelet prepa-
rations can be extended to 7 days provided that systems are in
place to monitor bacterial contamination (now used by the UK
blood services) or to inactivate pathogens (not widely used at
present).
The equivalent of two or even three adult doses of platelets

(minimum 2.4 × 1011 each) may be obtained from one donor,
with adequate platelet counts, by an apheresis procedure lasting
approximately 90 min. A large HLA-typed donor panel is avail-
able in England to provide HLA-matched platelets for immuno-
logically refractory patients. Most apheresis platelet donors are
also typed for human platelet antigens (HPA), in order to
provide HPA-1a-negative platelets for newborns affected with
neonatal alloimmune thrombocytopenia and also for a few
HPA-1a-negative patients who have become immunologically
refractory to platelet transfusions.

Platelets in additive solution
This component is indicated for patients with recurrent severe
allergic or febrile reactions to standard platelet transfusions.
After ‘washing’ to remove most of the plasma, the platelets are
re-suspended in 200 mL of platelet additive solution (PAS) but
may still contain around 10 mL residual plasma.

Granulocyte concentrates

With the increase in intensive chemotherapy regimens, demand
for granulocytes has risen in order to prevent or treat fungal
or other serious, antibiotic-resistant infections in severely neu-
tropenic patients.
Granulocytes are extremely labile; they must be separated

from whole blood immediately after collection and transfused
within a maximum of 24 hours of preparation. Granulocytes
prepared from routine blood donations (buffy coats) are heav-
ily contaminated with red cells and platelets. Buffy coats from at
least 10 donors are required to produce a therapeutic dose for an
adult (at least 1× 1010 granulocytes). Ten buffy coats also contain
the equivalent of two units of red cells and 2.5 pools of platelets.
A new pooled granulocyte component produced from whole
blood donations that has reduced volume and red cell contam-
ination is now available in the UK. Due to the overall high red
cell content, granulocyte preparations should be ABO and RhD
compatible with the recipient and cross-matched by indirect
antiglobulin test (IAT) against the recipient’s serum. Prospec-
tive recipients of granulocyte concentrates should be screened
forHLAantibodies; if present, theymay cause severe transfusion
reactions, with respiratory distress; All granulocyte concentrates
must be irradiated prior to transfusion.
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Administration of granulocyte colony-stimulating factor
(GCSF) or steroids can produce a higher yield of granulocytes
collected by apheresis, but this is not permitted for non-directed
volunteer donors in theUK.A directed donation of granulocytes
by apheresis from a suitable relative may sometimes be possible.

Fresh-frozen plasma (FFP)

Plasma that has been separated from whole blood (Figure 13.1)
or obtained by apheresis is frozen within 24 hours to a temper-
ature that will maintain the activity of the labile factors V and
VIII. FFP contains all coagulation factors and should be stored
at −30 ◦C or below for up to 24 months or even longer. When
needed, the plasma is thawed rapidly at 37 ◦C and then trans-
fused without delay at a dose of 15 mL/kg in adults (see below).
Single units of FFP can be treatedwith photosensitizing chem-

icals such as methylene blue (MB), riboflavin or amotosalen and
exposed to visible or ultraviolet light to inactivate pathogens
that may be present. If required, the residual chemicals can
be removed before the plasma is rapidly frozen to −30 ◦C.
Alternatively, FFP can be pooled with around 1500 other units
and treated with solvent-detergent (SD) in order to inactivate
pathogens. All methods of viral inactivation reduce the levels of
labile clotting factors in FFP. In the UK, FFP for use in patients
born after 1996 is sourced from countries with a low risk of
vCJD and is pathogen inactivated (methylene blue or solvent
detergent). Similarly, as a precautionary measure, UK plasma is
discarded and not used for fractionation for the manufacture
of immunoglobulins, albumin and coagulation factor concen-
trates.
In recent years in the UK, every effort is made to prepare FFP

only from male donors in order to minimize the risk of passive
transfer of donor white cell antibodies that can cause transfusion
related acute lung injury (TRALI). Similarly, pooled platelets are,
whenever possible, suspended in male donor plasma.

Cryoprecipitate
Cryoprecipitate is prepared from FFP that is allowed to thaw
slowly (classically at 4 ◦C overnight). After removal of the super-
natant, factor VIII: C, von Willebrand factor (VWF), fibrino-
gen, fibronectin and factor XIII are left as a precipitate, which
is then refrozen in approximately 30 mL of plasma and stored at
−30 ◦C or below for up to 24 months. Each unit should contain
a minimum of 70 IU of factor VIII: C and 140 mg of fibrinogen.
Cryoprecipitate is now used mainly as a source of fibrinogen
in cases of disseminated intravascular coagulation (DIC), hep-
atic failure and hypofibrinogenaemia. A standard adult dose of
cryoprecipitate is 10 units, which are thawed at 37 ◦C in about
10 min and should be used immediately. Pools of five single
units are available in the UK. Fibrinogen concentrate is now
available in the UK but only licensed for use in congenital
hypofibrinogenaemia.

Irradiated blood components

Patients at risk of transfusion-associated graft-versus-host dis-
ease (TA-GvHD, see further on) require irradiation of cellular
blood components (red cells, platelets and granulocytes). For
adults, red cells can be irradiated using gamma or X-rays within
14 days of donation, with a shelf-life of 14 days from irradi-
ation. Red cell components for exchange neonatal transfusion
and intrauterine transfusion (IUT) should be irradiated within
5 days of donation with a postirradiation shelf-life of 24 hours.
Platelets should also be irradiated to prevent TA-GvHD in sus-
ceptible patients and they retain their normal shelf life post irra-
diation. Frozen plasma components such as FFP and cryopre-
cipitate do not need irradiation.

Clinical and laboratory transfusion
practice

In the UK, a series of three ‘Better Blood Transfusion’ Health
Service circulars published in 1998, 2002 and 2007 promote
safe transfusion practices within hospitals, with emphasis on
the appropriate use of blood and components in all clinical
areas. Many of the principles of ‘Better Blood Transfusion’
are now encompassed in Patient Blood Management (PBM),
an evidence-based, comprehensive multidisciplinary approach
to the management of patients needing transfusion (see
below).
All hospitals should have hospital transfusion committees

(HTCs), with multidisciplinary representation from the clini-
cal, laboratory and management areas. These committees are
responsible for overseeing implementation of guidelines, and
for the audit and training of all staff involved in transfusion.
TheHTC is essential within the hospital clinical governance and
must be accountable to the chief executive. The hospital trans-
fusion team (HTT), composed of transfusion specialists with a
nursing or biomedical background, the transfusion laboratory
manager and the consultant haematologist specialist in trans-
fusion undertakes various activities on a day-to-day basis to
achieve the objectives of the HTC.

EU Blood Directives (UK Blood Safety &
Quality Regulations 2005): impact on hospital
transfusion practice

The EU Blood Directives not only set standards for qual-
ity within the blood services, but also have had a far-
reaching impact on hospital transfusion practice. In the UK,
the chief executive of each hospital with a transfusion labora-
tory needs to submit a formal annual statement of compliance
to the Medicines and Healthcare products Regulatory Agency
(MHRA) as the competent authority implementing the Blood
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Safety and Quality Regulations 2005. Hospital transfusion labo-
ratories can be inspected by the MHRA and in the event of sig-
nificant deficiencies be given the order to ‘cease and desist from
activities’. The key requirements for hospital transfusion labora-
tories include:
� a comprehensive quality management system based on the
principles of ‘good practice’, including stringent requirements for
storage and distribution of blood and components, with empha-
sis on ‘cold chain’ management;
� traceability, requiring all hospitals to trace the fate of each
unit of blood/blood component (including name andpatient ID)
with records kept for 30 years;
� education and training of staff involved in blood transfusion,
with maintenance of all training records;
� haemovigilance, with reporting of all adverse events of trans-
fusion.
Hospital transfusion laboratories undertaking any process-

ing activities, such as irradiation, must have a license from
the MHRA indicating they have a blood establishment status.
NHSBT blood centres have such licenses.

Laboratory tests in patients

Pretransfusion group and screen

The ABO and RhD groups of all potential recipients should be
determined before transfusion, due to the universal presence of
ABO antibodies in all subjects lacking the corresponding anti-
gens and to the high immunogenicity of RhD (see Chapter 12).
The patient’s red cells are grouped for ABO usingmonoclonal

anti-A and anti-B. A ‘reverse group’ is carried out on the patient’s
plasma to demonstrate the presence of the corresponding anti-
body, using A and B reagent cells. RhD typing is undertaken
using 2 IgM monoclonal antiD reagents (see Chapter 12).
As described in Chapter 12, the patient’s serum should also

be screened for the presence of atypical red cell antibodies using
indirect antiglobulin test (IAT). If a positive result is obtained,
further investigation using a red cell panel of 8–10 cells is
required to identify the antibody or antibodies and eventually
provide antigen-negative cells for cross-matching.
The majority of hospital laboratories in the UK carry out

blood grouping and antibody screening using automated analy-
sers with computer control of specimen identification and elec-
tronic transfer of results. This is safer than manual grouping
techniques with manual transcription of results.
Since errors related to having the ‘wrong blood in tube’ are

relatively common, with the potential risk of ABO mismatched
transfusions, the current British Committee for Standards in
Haematology (BCSH) guideline recommends that a second
sample should be requested for confirmation of the blood group
of any new patient, provided this does not impede the delivery
of urgent red cells or components.

For most patients without clinically significant antibodies in
their plasma, ABO- and RhD-compatible red cells are provided
if transfusion is required. If the patient has clinically significant
antibodies, the red cells provided must also be negative for the
relevant red cell antigen(s), and cross-matched before transfu-
sion (see Chapter 12). Women of childbearing age should also
receive K-negative units to avoid the risk of forming anti-K.
The BCSH Compatibility Guidelines 2012 provide pragmatic

recommendations on the timing of pretransfusion samples; for
the majority of patients this is 7 days, but testing should be per-
formed using blood collected no more than 3 days in advance of
the transfusion when the patient has been transfused or preg-
nant within the preceding 3 months. An extension to 7 days
may be considered for regularly transfused patients and preg-
nant women with no significant alloantibodies who need blood
on standby for a potential obstetric emergency such as placenta
praevia.

Compatibility testing (cross-match)

Traditionally, a cross-match, by IAT at 37 ◦C, between the
patient’s plasma and red cells from the donor unit has been the
final step before blood is issued for transfusion. This still applies
in specific cases (see below), but now there is no need for sero-
logical cross-match in many patients with no red cell alloanti-
bodies, where the relevant laboratory requirements for safe elec-
tronic issue are in place.

Electronic cross-match
ABO- and RhD-compatible red cells can be provided using elec-
tronic issue (or ‘computer cross-match’) provided the patient
does not have any alloantibodies and there are robust auto-
mated systems in place for blood grouping and antibody test-
ing, interfaced with laboratory information systems to mini-
mize risk of human error. If a patient has clinically signifi-
cant red cell antibodies electronic issue should not be used
and an IAT cross-match is required with antigen-negative
red cell units. Electronic issue is also not suitable in cer-
tain patient groups, e.g. those with a history of an ABO-
incompatible stem cell transplant or those who have had an
ABO-incompatible solid organ transplant in the preceding
3 months.
In hospitals where electronic issue is not routinely used,

a maximum (or standard) surgical blood ordering schedule
(MSBOS, SBOS) can reduce the number of compatibility tests
performed and avoid the reservation of red cell units unlikely
to be transfused. The MSBOS is based on a retrospective com-
parison of the number of units of blood cross-matched and the
number actually transfused, for each elective surgical procedure,
at a given hospital. It should be agreed with the transfusion lab-
oratory, surgeons and anaesthetists and ratified by the hospi-
tal transfusion committee. Procedures that are likely to require
blood transfusion have a ratio of crossmatched:transfused below

225



Postgraduate Haematology

2:1. Regardless of theMSBOS, if atypical antibodies are detected,
antigen-negative blood should be cross-matched and reserved
before surgery.
In minor incompatibility, passenger lymphocytes from the

donor, may engraft in the recipient and produce anti-AB capable
of causing severe haemolysis in the recipient (see further on).

Special requirements for the selection of
blood

Certain patient groups have special requirements regarding the
selection of blood and components for transfusion. Clinical
teams should be made aware of these requirements through the
use of guidelines supported by education. Appropriate alerts for
special requirements should be usedwithin the transfusion labo-
ratory. Serious Hazards of Transfusion (SHOT) haemovigilance
has highlighted the relative frequency of errors in this area of
transfusion practice. The special requirements for intrauterine
and neonatal transfusion are as highlighted in Table 13.7.

Haemoglobinopathy

Patients with haemoglobinopathy, in particular those with sickle
cell disease (SCD), are at a high risk of developing red cell
alloantibodies, with reports of 20–30% in the literature (see also
Chapters 6 and 7). Accordingly, from the start, patients with
haemoglobinopathy should receive blood that has ‘extended
matching’ for K and Rh antigens in addition to D, i.e. Cc Ee,
in order to reduce the risk of alloimunization. Blood for trans-
fusion to patients with SCD should also be HbS negative. Blood
for top-up transfusion in haemoglobinopathy patients should be
<2 weeks old and <7 days old if used for exchange transfusion
in patients with SCD.
In addition, the red cells of patients with SCD should be

phenotyped extensively prior to transfusion for antigens apart
from Rh and K such as for Kidd, Duffy and Ss antigens. Where
patients have already been transfused, the genotype can be deter-
mined by molecular techniques. This information can in partic-
ular assist with investigation of haemolytic transfusion reactions
and expedite issue of blood in cases with complex serology.

Haemato-oncology

Irradiation of cellular blood components (red cells, platelets,
granulocytes) is required for certain groups of haematology
patients, as highlighted in Table 13.8. Patients should be
informed of the need for irradiated blood, supported by written
information and cards flagging up their special requirements.
While CMV infection can be transmitted by cellular blood com-
ponents and may produce fatal infection in immunocompro-
mised patients, the risk can be reduced by leucodepletion (see

previously). The need for further selection of CMV-negative
components is discussed above.
Patients undergoing stem cell transplantationmay have amis-

match of ABO groups with their donor (e.g. up to 25% of HLA-
identical sibling transplants) with a risk of haemolysis. There
can be major ABO incompatibility where the recipient’s plasma
contains anti-A, anti-B or anti-A,B incompatible with donor red
cells (e.g. group A donor and group O recipient), minor ABO
incompatibilitywhere the donor’s plasma contains anti-A, anti-B
or anti-A,B that can react with the recipient’s red cells (e.g. donor
group O and recipient group A) or bidirectional ABO incom-
patibility where both the donor and recipient’s plasma contain
anti-A, anti-B or anti-A,B reactive with recipient and donor red
cells respectively (e.g. donor group A and recipient group B).
Clear communication is essential between the clinical and labo-
ratory teams, with an agreed post-transplant transfusion policy
(see Table 13.9).

Antenatal testing

All women should have blood samples taken at antenatal book-
ing for blood grouping and antibody screening. If no clinically
significant antibody is detected, further samples should be tested
at 28 weeks’ gestation, before routine antenatal prophylaxis is
given to RhD-negative women (see below).

Neonatal ‘top-up’ transfusion

Premature infants are among the most widely transfused
patients, with ‘top-up’ transfusions being very frequent (Chap-
ter 50). During the first 4 months of life, ABO antigens may be
poorly expressed on red cells and the corresponding ABO anti-
bodies may not have yet developed so that results of ‘reverse
grouping’ will be unreliable. Passive transfer of maternal IgG
ABO antibodies may result in the detection of these antibodies
in neonatal plasma. Samples from both the mother and infant
should be tested for ABO and RhD grouping wherever possible,
with an antibody screen performed on the maternal sample. If
there are no atypical maternal antibodies, top-up transfusions
can be given without further testing during the first 4 months
of life.
Ideally, the unit of red cells used for the first transfusion

should be aliquoted into several (six to eight) satellite (or ‘paedi’)
packs and used for the same infant until expiry in order to
decrease exposure to multiple donors. Measures should be in
place in all neonatal units and their supporting laboratories to
minimize the quantities of blood required for testing, by use of
microsampling techniques and near-patient testing, since fre-
quent blood sampling significantly contributes to anaemia in
these infants. Erythropoietin has been extensively studied as an
alternative to transfusion in the anaemia of prematurity, but it
does not consistently reduce the need for transfusion in these
patients.
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Table 13.8 Indications for irradiated cellular blood componentsa in haemato-oncology patients. (Adapted with permission from the
Handbook of Transfusion Medicine, based on BCSH guidelines 2010.)

Patient group Irradiated blood components

Adults or children with acute leukaemia Not required (except for HLA-matched platelets or donations from
first- or second-degree relatives)

Recipients of allogeneic (donor) HSC transplantation From the start of conditioning chemo-radiotherapy, continue while
receiving GvHD prophylaxis

If chronic GvHD or on immunosuppressive treatment, continue
irradiated blood components

Bone marrow and peripheral blood stem cell donors Provide irradiated cellular components during and for 7 days before
the harvest

Bone marrow or peripheral blood HSC harvesting for
future autologous re-infusion

Provide irradiated cellular components during and for 7 days before
the harvest

Autologous HSC transplant patients From start of conditioning chemoradiotherapy until 3 months
post-transplant (6 months if total body irradiation was used)

Adults and children with Hodgkin lymphoma at any stage
of the disease

Irradiated cellular components indefinitely

Patients treated with purine analogues (fludarabine,
cladribine and deoxycoformicin)b

Irradiated cellular components indefinitely

Patients treated with alemtuzumab (anti-CD52) therapyc Irradiated cellular components indefinitely

aRed cells, platelets and granulocytes
bIrradiated components are recommended for newer purine analogues and related compounds, such as bendamustine, until further data are available
cIrradiated components are also recommended for solid organ transplant patients receiving alemtuzumab

Transfusion in autoimmune haemolytic
anaemia

Patients with autoimmune haemolytic anaemia pose a signifi-
cant challenge (see also Chapter 9). While unnecessary transfu-

sion should be avoided, this must not be withheld in the con-
text of brisk haemolysis, in particular where there is risk of
cardiac compromise. Close liaison between clinical teams, the
transfusion laboratory and the specialist immunohaematology
team within blood services is essential to assist with prompt

Table 13.9 Selection of ABO blood group of components transfused in the early* post-transplant period. (Adapted with permission from
Handbook of Transfusion Medicine 2014.)

Donor Recipient Red cells Platelets FFP

Major ABO incompatibility A O O A A
B O O B B
AB O O A AB
AB A A/O A AB
AB B B/O B AB

Minor ABO incompatibility O A O A A
O B O B B
O AB O A AB
A AB A/O A AB
B AB B/O B AB

Bidirectional ABO incompatibility A B O B AB
B A O A AB

*Once conversion to donor blood group is complete, components of the new ABO group can be given
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investigation and issue of blood. These patients often have pan-
reacting autoantibodies that can mask an underlying alloan-
tibody with the need for investigation with serological tech-
niques such as elution and absorption. Blood should then be
selected that is ABO compatible, matched with the patient’s
own full Rh and K type and negative for the antigens to
which alloantibodies have been identified, if any. Avoidance of
the specificity of the autoantibody (e.g. auto-anti-e in RhD-
negative female patients) is not routinely recommended since
this may expose the patients to antigens provoking the for-
mation of clinically significant alloantibodies. Transfused red
cells are likely to be destroyed by the autoantibody at the same
rate as the patient’s own blood. Hence, transfusion, if needed
in AIHA, will serve only as a temporary ‘holding measure’
and should be accompanied with effective immunosuppressive
therapy.

Safe administration of blood

The principles underpinning the safe bedside transfusion prac-
tice should be encapsulated in a hospital transfusion policy cov-
ering aspects of requesting, collecting and administration of
blood components, as well as the monitoring of the patient dur-
ing transfusion.

Patient identification

Positive patient identification is essential at all stages of the
transfusion process, including blood sampling, collection of
blood from storage, delivery to the clinical area and administra-
tion. Patients should have an identification band with the min-
imum identifiers, including their last name, first name, date of
birth and unique identification number (e.g. hospital number).
‘Wrong blood in tube’ (WBIT) errors can result in death.

These occur due to human error either when the blood in the
tube is from the wrong patient and is labelled with the intended
patient’s details, or blood is taken from the intended patient, but
the tube is labelledwith thewrong details. It is estimated that this
occurs in 1 in every 2000 samples taken. The Serious Hazards
of Transfusion (SHOT) UK Haemovigilance scheme, continues
to report an increasing number of WBIT errors with 643 cases
in 2013; these are mostly ‘near miss’ events which could have
resulted in the wrong blood being transfused. SHOT estimates
that approximately 1 incorrect blood component is transfused
for every 100 near miss events.

Detection and approach to transfusion
reactions

All patients should be transfused in clinical areas where
they can be directly observed to allow prompt detection and

immediate management of acute reactions. Baseline observa-
tions and regular monitoring of patients undergoing transfu-
sion, are essential so that reactions are detected and promptly
managed. Patients with severe transfusion reactions can present
suddenly with cardiovascular collapse, but the underlying cause
may not be immediately apparent; these can include bac-
terial contamination, acute haemolytic transfusion reactions
(AHTRs, usually due to ABO-incompatible transfusion), ana-
phylaxis, TRALI and transfusion-associated circulatory over-
load (TACO). If the presumed transfusion reaction is severe
or life-threatening the transfusion must be discontinued, with
immediate assessment and the following steps taken:
1 stop and disconnect the blood pack and giving set immedi-
ately (but do not discard);
2 maintain venous access with physiological saline, commence
resuscitation, if needed;
3 take samples for examination of the blood for colour and
smell, full blood count, renal and liver function tests, blood
cultures, coagulation screen, repeat compatibility testing, DAT,
LDH and assessment of urine for haemoglobin;
4 check identification details for the patient, their identity band
and the blood component/s concerned;
5 consider key/additional features, e.g. fever and shock without
anaphylaxis – consider ABO-mismatched transfusion or bac-
terial sepsis; dyspnoea – consider TRALI or TACO – check
O2 sats or blood gases and CXR; laryngeal oedema with dysp-
noea/stridor – consider anaphylaxis or severe allergic reaction;
6 seek early support and advice from the critical care team.
Less severe acute transfusion reactions include haemolytic

transfusion reactions due to other red cell antibodies in
the recipient, febrile non-haemolytic transfusion reactions
(FNHTR) and allergic reactions. While the latter two can often
be managed with an antipyretic or antihistamine, respectively,
ongoing close monitoring of the patient is essential, since these
could be the early signs of a more severe transfusion reaction.

Complications of blood transfusion

The complications of blood transfusion can be conveniently
divided into acute and delayed, immunological and non-
immunological categories (Table 13.10).

Immunological complications

Sensitization to red cell antigens
As only theABOandRhDantigens are routinelymatched for the
selection of blood, sensitization can occur to other red cell anti-
gens following transfusion. Athough the D antigen is the most
immunogenic, other antibodies can form with alloimmuniza-
tion being more likely in multitransfused patients. Red cell anti-
bodies can also develop following pregnancy. The consequences
of sensitization may be negligible, but can lead to difficulty
with compatibility testing, haemolytic disease of the fetus and
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Table 13.10 Hazards of transfusion.

Immediate (hours)
Non-immune complications
Bacterial: acute sepsis or endotoxic shock
Hypothermia
Hypocalcaemia (↓ Ca2+) in infants and massive transfusion
Transfusion-associated circulatory overload (TACO)

Immune complications
Febrile non-haemolytic transfusion reactions
Acute haemolytic transfusion reactions: intravascular (IgM),
extravascular (IgG)
Allergic reactions (urticarial)
Anaphylactic reactions (anti-IgA)
Transfusion-related acute lung injury (TRALI)

Delayed (days to years)
Non-immune complications
HIV, HCV, HBV, CMV
Others: parvovirus B19, HAV, HEV, WNV, dengue, malaria,
Chagas disease, brucellosis, syphilis, vCJD

Immune complications
Delayed haemolytic transfusion reactions (due to anamnestic
immune responses with red cell alloantibodies)
Post-transfusion purpura
Transfusion-associated graft-versus-host disease

CMV, cytomegalovirus; HAV, hepatitis A virus; HEV, hepatitis E virus;
WNV, West Nile virus.

newborn (HDFN) and haemolytic transfusion reactions (HTRs)
in the future.

Haemolytic transfusion reactions
This is premature destruction of transfused red cells reacting
with antibodies in the recipient. Naturally occurring antibodies,
such as ABO antibodies, are mainly IgM and, if warm-reacting,
can destroy red cells in vivo by complement fixation. Red cell
alloantibodies in response to exposure through previous trans-
fusions or pregnancies are IgG antibodies. HTRs may occur
immediately after the transfusion ormay be delayed for anything
up to 2–3 weeks.

Immediate or acute haemolytic transfusion
reactions
These may be intravascular or extravascular (Table 13.11).
Immediate intravascular red cell destruction is the most

dangerous type of HTR; it is associated with activation of the full
complement cascade by IgM antibodies and is practically always
due to ABO-incompatible blood transfusions (haemolytic anti-
A,B, anti-A or anti-B present mainly in the recipient or, rarely,

Table 13.11 Antibodies associated with haemolytic transfusion
reactions.

Blood group
system

Antibodies implicated
in intravascular
haemolysis

Antibodies implicated
in extravascular
haemolysis

ABO -A,B; -A; -B
Hh -H (Bombay)
Rh All
Kell K, k, Kpa , Kpb, Jsa , Jsb

Kidd Jka , Jkb, Jk3

Duffy Fya , Fyb, Fy3

MNS M, S, s, U (some)
Lutheran Lub (some)
Lewis Lea , Leb, Lea+b

Cartwright Yta (some)
Vel Vel Vel (some)
Colton Coa , Cob

Dombrock Doa , Dob

in the donor plasma). Most of these ABO-incompatible trans-
fusions are due to errors, and occur with an approximate fre-
quency of 1 in 180,000 patients transfused. Major morbidity
with patients needing intensive care or renal dialysis occurs in
20–25% of all cases with a mortality rate of 5–10%. In recip-
ients (mostly group O) of ABO-incompatible blood with seri-
ous reactions, the symptoms are usually dramatic and severe;
most are due to the anaphylatoxins C3a and C5a that are liber-
ated during complement activation, releasing vasoactive amines
and hydrolases from mast cells and granulocytes (see Chapter
12). The cytokines interleukin (IL)-1, IL-8 and tumour necrosis
factor (TNF) also play an important role, causing inflammation,
smooth muscle contraction, platelet aggregation, increased cap-
illary permeability, and hypotension. Typically, within less than
1 hour of the start of the transfusion, when the reaction is symp-
tomatic, the patient complains of heat or pain in the cannulated
vein, throbbing in the head, flushing of the face, chest tightness,
nausea and lumbar pain. These symptoms are usually accom-
panied by tachycardia and hypotension. In severe cases, there is
profound hypotension, leading to shock and renal failure. Rigors
and pyrexia usually follow.
Intravascular destruction of red cells also brings about libera-

tion of thromboplastin-like substances that activate coagulation
and lead to DIC. The bleeding diathesis and increased destruc-
tion of red cells (which may eventually involve the recipient’s
cells) further exacerbates the problem. Intravascular destruc-
tion of red cells liberates haemoglobin into the circulation. Once
haptoglobins are saturated, haemoglobin will also appear in the
urine. If haemoglobinuria is very severe, haemosiderinuria may
be seen. Renal complications consist of acute renal failure with
oliguria and anuria, possibly the result of hypotension and/or
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the action of activated complement. The initial symptoms may
of course be modified or abolished in anaesthetized or heavily
sedated patients, in whom evidence of DIC, hypotension or the
presence of haemoglobinuria may be the first signs.
Immediate intravascular destruction of recipient red cells

should be avoidable. In practice, the main cause is error, when
the incorrect blood component is transfused. The most severe
reactions occur in major incompatibility, when a group O recip-
ient with high-titre anti-A,B is transfused with group A, B or
AB red cells. Less severe intravascular haemolysis occurs when
group A red cells are transfused to a group B recipient, or vice
versa, because group B and A subjects have less potent ABO
antibodies than group O subjects. More rarely, intravascular red
cell destruction may occur when group O plasma is transfused
by mistake to A, B or AB recipients. For this reason, group O
red cells, even in additive solution, should not routinely be used
for non-O recipients; furthermore, this practice leads to unnec-
essary shortages of group O blood. If unavoidable, the group
O blood must first be screened for the presence of high-titre
haemolysins or should have very small volumes of plasma. ABO-
compatible cryoprecipitate, FFP and platelet transfusions should
be selected for all recipients, especially for children because of
their smaller blood volume. Group A, B or AB plasma compo-
nents are safe for group O recipients. There is also the possibility
of a laboratory errorwhen tubes are transposed or there are tran-
scription errors ormisrecording of results, or there is insufficient
time to complete an antibody screen or compatibility test.
In the UK haemovigilance (SHOT) system, approximately

30% of cases of incorrect blood component transfusion reported
in the last 12 years have been primarily due to clerical or techni-
cal errors that originated in the hospital laboratory. Obviously,
not all the errors led to ABO-incompatible transfusions, in fact
10% of errors led to ABO incompatibilities. The remainder of
reports (70%) relate to clerical or administrative errors in the
ward, collection of the blood from the blood bank, failure to
confirm the identity of the patient when taking samples, mis-
labelling of the sample of blood or failure to perform proper
checks before removing the units from the refrigerator or trans-
fusing the blood. The potentially serious consequences of fail-
ures resulting in ABO-incompatible transfusions emphasize the
need for set protocolswithmeticulous checking at all stages. If an
identificationmistake has beenmade, it is important to check, as
a matter of urgency, that the units intended for the patient under
investigation have not also been misdirected to another recipi-
ent. Such events are results of errors that need further investiga-
tion with a root cause analysis so that corrective action can be
taken to minimize recurrence.
Extravascular red cell destruction is mediated by IgG anti-

bodies (Figure 13.3). Mononuclear phagocytic cells have recep-
tors for the Fc fragment of IgG1 and IgG3; the binding of IgG-
coated cells to these receptors is inhibited by free IgG in plasma.
There are no receptors for IgM onmacrophages. Red cells sensi-
tized with IgG1 and/or IgG3 antibodies may or may not activate

complement up to C3b only. If they do not, they are removed
extravascularly (by phagocytosis or cytotoxicity) by mononu-
clear phagocytic cells, predominantly in the red pulp of the
spleen, where the plasma is largely excluded and the IgG on
the red cells can compete with free IgG in the plasma. How-
ever, cells coated with IgG antibodies, which activate comple-
ment up to C3b, adhere to the C3b receptor onmacrophages and
monocytes. The presence of C3b on red cells greatly enhances
the extravascular destruction of IgG-coated cells. This is because
the binding to C3b receptors is not inhibited as there is no
native C3b in plasma and consequently IgG/C3b-coated cells are
destroyed by phagocytosis or cytotoxicity, predominantly in the
liver, where there are abundant macrophages (Kupffer cells) and
a generous blood flow. As C3b is rapidly inactivated and con-
verted into C3dg by the action of factors H and I and proteases,
a proportion of the cells re-enter the circulation, coated with
C3dg, and are resistant to further lysis (Figure 13.3). Red cells
coated with potent IgG antibodies, especially if they are C3b-
binding, are destroyed mainly by cytotoxicity. Red cells coated
with less potent antibodies are mostly destroyed by phagocyto-
sis. Very rarely, red cell alloantibodies too weak to be detectable
by routine pretransfusion testing may destroy donor red blood
cells carrying the corresponding antigen.

IgG (± C3b)
coated cells

Adherence
or binding

Extracellular
lysis or ADCC

Phagocytosis

Spherocyte

Partial phagocytosis

Antibody
IgG

Red
cells

Fc receptor

Figure 13.3 Mechanisms of extravascular destruction of red cells
coated with IgG1 or IgG3 (± C3b). ADCC, antibody-dependent
cell-mediated cytotoxicity.
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The features of an immediate HTR vary according to a num-
ber of factors: whether the red cells are destroyed within the cir-
culation or in the mononuclear phagocytic system, the strength,
class and subclass of the antibody, the nature of the antigen,
the number of incompatible red cells transfused and the clini-
cal state of the patient. When antibodies are present in the cir-
culation in low titres and a large volume of incompatible blood
is given, all circulating antibody will bind to the incompatible
red cells, coating them weakly, without destroying them. There
will then be no antibody detectable in the serum for a num-
ber of days until secondary antibody production is stimulated
by the immune challenge. On the other hand, in the presence of
an overloaded or poorly functioning mononuclear phagocytic
system, large volumes of IgG-sensitized incompatible red cells
can be present in the circulation with minimal or no premature
removal, so the haemoglobin level may be stable with little evi-
dence of haemolysis. The DATwill be positive, but as there is no
free antibody, elution techniques will be necessary for antibody
identification.
Immediate extravascular destruction of red cells may be

accompanied by hyperbilirubinaemia, occasionally haemoglobi-
naemia due to antibody-dependent cytotoxicity (in severe
cases), fever and failure to achieve the expected rise in
haemoglobin level. The signs and symptoms are less severe and
dramatic than in intravascular haemolysis and usually appear
more than 1 hour after the start of transfusion. There may be no
signs or symptoms at all. Renal failure is very rare, even when
the antibody binds the earlier components of the complement
cascade. Symptoms are attributed in large degree to liberation
of cytokines from mononuclear phagocytic cells after binding
to IgG-coated red cells and to liberation of C3a when comple-
ment is bound up to C3b. The mortality is extremely low, but in
an already sick patient the added complication of destruction of
transfused red cells may contribute to death.
The management of immediate HTRs should be to termi-

nate the transfusion immediately the patient develops the appro-
priate signs or symptoms. The identity of the patient and the
units transfused should be checked against the appropriate doc-
umentation. Blood samples must be taken for investigation
(Table 13.12). The transfusion laboratory should be immediately
informed and all packs of transfused units should be returned.
Pretransfusion samples should be tested in parallel. All urine
passed during the first 24 hours should be measured and exam-
ined for haemoglobin. The circulating blood volume should be
restored and blood pressure and urinary flow maintained using
fluid challenges and furosemide (frusemide). Monitoring on a
high-dependency unit may be required. The renal team should
be involved early if urine output is poor (<1 mL/kg per hour)
and haemofiltration may be necessary. Appropriate blood com-
ponent therapy will be required if there is DIC.
Systems for correct patient identification can be strengthened

with electronic transfusionmanagement systems using barcodes
on identity bands and blood components, with hand-held scan-

Table 13.12 Investigation of suspected acute haemolytic
transfusion reaction.

Blood test Rationale/findings

Full blood count Baseline parameters, red cell
agglutinates on film

Plasma/urinary Hb,
haptoglobin, bilirubin

Evidence of intravascular or
extravascular haemolysis

Blood group of patient and
units transfused

Compare with re-tested
pretransfusion sample, to
detect ABO error

Unexpected ABO antibodies
may arise from transfusion of
incompatible plasma.
Re-checking labels is often
sufficient

DAT Positive in majority. Compare
with retested pretransfusion
sample. May be negative if all
incompatible cells destroyed

Compatibility testing Repeat antibody screen and
compatibility testing on pre-
and post-transfusion
samples. Elution of antibody
from post-transfusion cells
may aid antibody
identification or confirm
specificities in plasma in
cases of non-ABO
incompatibility

Urea, electrolytes and
creatinine

Baseline renal function

Coagulation screen Detection and monitoring of
DIC

Blood cultures of patient
and units

In event of possible septic
reaction caused by bacterial
contamination of unit

ners linked to the laboratory information systems; however,
these are not yet widely available.

Delayed haemolytic transfusion reactions
(DHTRs)
Such reactions may not be predictable or preventable. They are
always caused by IgG antibodies, hence the haemolysis is always
extravascular. In the majority of cases, an individual has been
previously sensitized to one (or more) red cell antigen(s) by
previous transfusion or pregnancy. Antibody is not detectable
in routine pretransfusion testing, but the transfusion of blood
containing the antigen/s to which the recipient has been sensi-
tized previously, provokes a brisk anamnestic response that is
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characteristic of the secondary immune response. Within days,
the antibody level rises and the transfused incompatible cells
are removed from the circulation. The effects of the secondary
immunization are usually seen about 5–10 days after the transfu-
sion, when the antibody level has been boosted and the recipient
may already have left hospital. The clinical features are the same,
though less severe than in immediate extravascular HTR.
The possibility of delayed HTRs underlines the importance of

always taking fresh serum samples for antibody screening, direct
antiglobulin test (DAT) and compatibility testing if a transfu-
sion has been given more than 72 hours previously. Awareness
of this complication may avoid unnecessary investigations to
exclude infection when fever develops a few days after a transfu-
sion. Most importantly, it will detect any alloantibody that will
have been boosted by the transfusion, thus enabling the provi-
sion of compatible blood. Similarly it is important to have access
to historical transfusion information since antibodies previously
formed (e.g. Kidd antibodies) may become undetectable with
time and may not be apparent in the current antibody screen.
This is particularly important if patients are managed at more
than one hospital.
Laboratory investigations of suspected DHTRs include full

blood count and reticulocytes, examination of the blood film,
plasma bilirubin, renal function tests and lactate dehydroge-
nase test (LDH). Serological investigations should include repeat
blood group and antibody screen (on pre- and post-transfusion
patient samples), DAT and elution of antibodies from the post-
transfusion red cells for identification.
Treatment of DHTRs is usually supportive, sometimes requir-

ing further transfusion. The presence of any antibodies should
be documented within the laboratory and clinical records, with
patients issued with an ‘Antibody Card’.

Reactions related to white cell and platelet
antibodies
Febrile non-haemolytic transfusion reactions (FNHTRs)
Febrile reactions are most frequently due to the transfusion
of blood components containing white cells to patients sensi-
tized to white cell antigens. Antibodies are usually against HLA
antigens, or sometimes against granulocyte and platelet-specific
antigens; they are stimulated by previous transfusions or preg-
nancies. Cytokines released from white cells during storage may
also be pyrogenic. These reactions are characterized by fever,
sometimes accompanied by shivering, muscle pain and nausea,
but aremuch less common since the introduction of leucodeple-
tion of blood components. They can occur up to 2 hours after
completion of the transfusion and are more common in multi-
transfused patients receiving red cells.
Mild FNHTRs (pyrexia>38 ◦C, but<2 ◦C rise from baseline)

can often be managed simply by slowing (or temporarily stop-
ping) the transfusion and giving an antipyretic, such as parac-
etamol. However the patient should bemonitored closely, in case
these are the early signs of a more severe transfusion reaction.

Transfusion-related acute lung injury (TRALI)
TRALI is non-cardiogenic pulmonary oedema, presenting dur-
ing or within 6 hours of transfusion, with severe breathlessness
accompanied by cough, fever and rigors. It is often associated
with hypotension (due to loss of plasma volume) and there may
be transient peripheral blood neutropenia or monocytopenia.
Chest X-ray shows bilateral nodular shadowing in the lung fields
with normal heart size, low oxygen saturation and low or normal
central venous pressure. TRALImay be confused with acute res-
piratory distress syndrome (ARDS) of other causes, orwith acute
heart failure due to circulatory overload (see Table 13.13), but
treatment with diuretics may worsen the outcome.Management
is essentially supportive, requiring care in a high-dependency
unit with ventilatory support, if needed. Steroid therapy is not
effective. Managed appropriately, there is a high rate of survival
and most patients recover within 1 to 3 days without long-term
sequelae.
The reaction is due in most cases to passive transfer of leuco-

agglutinins (mostly anti-HLA class I or class II or, more rarely,
granulocyte antibodies, i.e. anti-HNA) in donor plasma, react-
ing with granulocytes in the recipient’s lung, leading to comple-
ment activation, endothelial and epithelial injury, alveolar dam-
age and inflammatory changes, mediated by anaphylatoxins,
cytokines and other inflammatorymediators. This complication
is more likely after infusion of a plasma-containing component
and the implicated donors are usually multiparous women. In
the UK, the incidence of TRALI has declined to approximately
1 in 150,000 units transfused, since the introduction of the pol-
icy to produce FFP and plasma to suspend platelet pools mainly
from male donors.

Transfusion-associated graft-versus-host disease
(TA-GVHD)
TA-GVHD is a very rare, but usually fatal, complication of
blood transfusion. It is caused by transfusion of viable donor
lymphocytes with engraftment and clonal expansion of HLA-
compatible donor lymphocytes in the recipient. It is charac-
terized by fever, skin rash, diarrhoea, impaired liver function
and pancytopenia 7 to 14 days after transfusion. Patients at
risk include fetuses receiving intrauterine transfusion, newborn
infants who have received IUTs, patients with inherited immun-
odeficiency disorders affecting T cell function, patients treated
with allogeneic stem cell transplantation or specific chemother-
apy drugs such as purine analogues. TA-GvHD has occasion-
ally been reported in non-immunosuppressed patients receiv-
ing a blood transfusion from an HLA-matched donor or a
close relative with HLA types in common. Patients receiving
conventional combination chemotherapy for cancer are not at
increased risk.
The diagnosis is made on the basis of typical features

of acute GvHD in biopsies of affected organs, with detec-
tion of donor-derived cells or DNA in the patient’s blood or
tissues. The first SHOT reports in 1996 included 13 cases
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Table 13.13 Comparison of transfusion related acute lung injury (TRALI) and transfusion associated circulatory overload (TACO)
(adapted from BCSH Guideline on the Investigation and Management of Acute Transfusion Reactions, 2012, with permission of British
Committee for Standards in Haematology).

TRALI TACO

Patient characteristics ? More common in haematology and
surgical patients. Any age

Most common in age >70, but can
occur at any age

Implicated blood components Usually plasma or platelets Any
Onset Up to 6 hours from transfusion (usually

within 2 hours)
Within 6 hours of transfusion

Oxygen saturation Reduced Reduced
Blood pressure Often low Often high
Jugular venous pressure Normal or low Elevated
Temperature Often raised Normal
Chest X-ray Bilateral peri-hilar and nodular shadowing

or ‘white out’, heart size normal
Enlarged heart and characteristics

of pulmonary oedema
Echocardiogram Normal Abnormal
Pulmonary artery wedge pressure Normal Elevated
Blood count Fall in neutrophils and monocytes

followed by neutrophil leucocytosis
No specific changes

Fluid challenge Improves Worsens
Response to diuretics Worsens Improves

of transfusion-associated graft-versus-host disease, all fatal,
in patients for whom gamma-irradiated blood components
were not indicated at the time. Only one case of TA-GvHD
has been reported in the UK since 2000 (an IUT of non-
irradiated maternal blood). Given the potential fatal outcome
of this complication of transfusion, it is essential to ensure
that all at-risk patients receive irradiated red cells or platelet
components.

Post-transfusion purpura (PTP)
PTP is a rare complication of blood transfusion, characterized by
sudden onset of severe thrombocytopenia 7–10 days following
transfusion of, usually, red cells. The patients are mostly female
with always a history of previous blood transfusions or pregnan-
cies. The most frequent cause is the presence in the recipient of
an antibody (anti-HPA-1a) against the platelet-specific antigen
HPA-1a (PIA1); next in frequency is anti-HPA-5b. It appears that
the antigen–antibody reaction causes both transfused and autol-
ogous platelets to be prematurely destroyed, either by the for-
mation of immune complexes (in a manner similar to the ‘inno-
cent bystander’mechanism) or by cross-reaction of the causative
antibody with the patient’s own platelets. The disease is self-
limiting, but in severe cases, prompt therapy with intravenous
immunoglobulin is associated with a good response. Platelet
transfusion is not recommended and should only be considered
in life-threatening bleeding. This severe, and potentially fatal,
complication has become even rarer since the introduction of
leucodepleted blood components.

Reactions due to plasma protein antibodies
Mild allergic reactions
Mild urticarial reactions without other symptoms are not
uncommon during blood transfusion; they occur with an
approximate incidence of 1% and are mediated by IgE antibod-
ies, usually against plasma proteins or other allergens present
in donor plasma. Symptoms include urticaria (hives) and pru-
ritis, but with no change in vital signs. They are most common
in patients receiving plasma-rich components such as FFP or
platelets.
Mild urticarial reactions may be treated effectively with anti-

histamines, and do not always recur. Standard components can
be given unless symptoms are recurrent and severe.

Severe anaphylactic reactions
Anaphylaxis is an acute, life-threatening emergency associ-
ated with shock or severe hypotension with associated features
including bronchospasm, stridor from laryngeal oedema and
swelling of face, limbs or mucous membranes (angioedema).
Components with a high plasma component such as platelets
or FFP are most likely to be implicated, but such reactions
may occur with all blood components, as they all contain some
plasma. Staff in clinical areas carrying out blood transfusions
must be trained in the emergency management of anaphy-
laxis, and epinephrine must be available for emergency use. The
UK Resuscitation Council Guidelines recommend the urgent
administration of intramuscular (IM) epinephrine to treat ana-
phylaxis (adult dose 0.5 mL of 1:1000 (500 μg)). The IM route is
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rapidly effective (and life-saving); it avoids delay in attempting to
obtain venous access in a shocked patient and is not contraindi-
cated in patients with coagulopathy or low platelet count. After
initial resuscitation, parenteral steroids may be given.
Although IgA deficiency is relatively common andmay occur

in up to 1 in 700 individuals tested, only a small minority of
IgA-deficient patients are at risk of developing severe anaphylac-
tic reactions to blood components. Those with severe IgA defi-
ciency (< 0.07 g/L), with anti-IgA are at greatest risk. Patients
with less severe IgA deficiency, as part of amore generalized (e.g.
common variable immunodeficiency or secondary to a lympho-
proliferative disorder) antibody deficiency disorder and mild
cases frequently detected when screening for IgA coeliac anti-
bodies, are not at risk. Patientswith nohistory of severe reactions
to blood transfusion should be transfused with standard blood
components. Accordingly, it is the small minority of patients
with severe IgA deficiency and a clear history of serious ana-
phylactic reaction to blood components that require special pre-
caution and, if possible, transfusion of blood components from
IgA-deficient donors. However, this might be feasible only in
the elective setting, in countries with well-established blood ser-
vices. In an urgent situation, washed red cells and platelets re-
suspended in platelet additive solution may be available, but in
an extreme emergency, transfusion with standard blood compo-
nents should not be withheld, but given with careful monitoring
to allow timely detection and treatment of the anaphylactic reac-
tion, as above.

Non-immunological complications of blood

Transfusion-transmitted infection
Bacterial contamination of blood components
(see also section above under TTI)
This complication can rapidly be fatal and may occur in par-
ticular with platelet components, which are stored at 22–24 ◦C,
rather thanwith red cells, which are refrigerated at 2–6 ◦C.These
reactions can either be due to the septicaemia itself, to endotox-
ins, or both. The patient can present dramatically with collapse,
high fever, shock and DIC.
Various measures to reduce bacterial contamination from

the donor arm as highlighted above have significantly reduced
this risk, but awareness and prompt detection and management
remain essential. The immediate management and investiga-
tion follows the principles as outlined above. In particular, the
pack should be inspected for abnormal discoloration or aggre-
gates, but may appear normal. Blood cultures should be taken
from the patient and immediate treatment started for shock, as
appropriate and with intravenous broad-spectrum antibiotics,
covering Gram-negative and Gram-positive bacteria. Any packs
of implicated components must be returned to the transfusion
laboratory for instigation of further testing including Giemsa
staining for direct microscopic examination, as well as culture.
The blood transfusion centre should be informed without delay

so that any associated components from the implicated dona-
tion can be identified and withdrawn before they can be trans-
fused to other patients. In the UK, the implicated component
packs should be returned to the Blood Service for investigation,
where comprehensive bacterial testing is undertaken together
with typing of strains to confirm the identity of contaminating
bacteria.

Transfusion-associated circulatory overload
(TACO)
TACO is defined as acute or worsening pulmonary oedema
within 6 hours of transfusion with acute respiratory distress,
tachycardia, raised blood pressure and evidence of fluid over-
load (see Table 13.13 for differentiating features from TRALI).
It causes significant morbidity and mortality; in 2013 SHOT
received 96 reports of TACO contributing to the death of 12
of these patients with major morbidity in a further 34 patients.
The risk factors for TACO include age > 70 years and comor-
bidity, including cardiac failure, renal impairment and hypoal-
buminaemia. Low weight patients, such as the frail elderly
and children, are at increased risk of receiving inappropri-
ately high-volume and rapid blood transfusions, predisposing
to TACO. Comprehensive pretransfusion assessment, with par-
ticular attention to the speed and volume of transfusion, fluid
balance monitoring and use of diuretics, if indicated, may help
prevent this complication. The common assumption that one
unit of red cells produces a rise in Hb of 10 g/L only applies to
patients of 70–80 kg. A red cell dose of 4 mL/kg will produce a
rise of about 10 g/L. Single-unit transfusions in small, frail adults
or prescription in millilitres (as in paediatric practice) should be
considered. The treatment of TACO involves stopping the trans-
fusion and administering oxygen and diuretic therapy, with crit-
ical care support, as required.

Other adverse effects of transfusion

Haemosiderosis is a very real complication of repeated blood
transfusions, seen more commonly as long-term blood trans-
fusion therapy improves the survival of patients suffering from
some chronic anaemias. It is most commonly seen in thalas-
saemic patients, who commence transfusions in early child-
hood. Each unit of blood contains approximately 200 mg of
iron, whereas the daily excretion rate is about 1 mg, and the
body has no way of excreting the excess. Unless a patient
is actively bleeding, hence losing iron, iron accumulation is
inevitable. Significant iron overload is generally present after
approximately 50 units of blood have been transfused to an
average-sized adult. It is routine practice to give chelation
therapy to transfusion-dependent thalassaemic patients (see
Chapters 4 and 6).
In addition to the more tangible adverse events of transfusion

described above, there are increasing concerns about the impact
of transfusion on overall patient outcome in relation tomortality
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andmorbidity in critically ill patients, for examplewith potential
impact on postoperative infection rates and length of hospital
stay after surgery. This has led to more restrictive transfusion
practices as described below. There is also an ongoing focus on
the age of blood, with questions around the clinical impact of the
age of blood on patient outcomes being tackled by randomized
controlled studies.

Haemovigilance

Haemovigilance is defined by the International Haemovigilance
Network as ‘a set of surveillance procedures organized from the
collection of blood and its components to the follow-up of its
recipients, with the purpose of collecting and evaluating infor-
mation on the undesirable and unexpected effects resulting from
the therapeutic use of labile blood components and of prevent-
ing their occurrence or recurrence’.
The UK’s professionally led haemovigilance system, SHOT,

was introduced in 1996 with voluntary reporting of adverse
transfusion reactions, errors and also near-miss events. Now,
under the Blood Safety and Quality Regulations 2005 there is a
legal requirement to report serious adverse reactions and events
(SABRE) to the Medicines and Healthcare Products Regulatory
Agency (MHRA). SHOT andMHRA nowwork closely together
and have a joint reporting system through the SABRE website.
There is a high level of participation by hospitals in report-

ing to SHOT, with a steady increase in the level of reporting, but
a reduction in the frequency of the most serious events, such
as ABO-incompatible transfusions and cases of TRALI. These
trends follow changes in national policies on training and com-
petency for staff involved in blood transfusion, and a switch to
male-only FFP. Overall mortality directly attributable to trans-
fusion has decreased, which highlights the benefits of an effec-
tive haemovigilance scheme. However, errors related to transfu-
sion remain the largest category of serious events, emphasizing
the significant potential for further improving safety (see Fig-
ures 13.4 and 13.5). Transfusion-associated circulatory overload
(TACO) is an important preventable cause of death or major
morbidity.
SHOT also collects data on ‘near-miss’ events where the error

was detected prior to administration of the transfusion, high-
lighting that further improvements are needed, particularly to
ensure accurate patient identification. Whilst SHOT does not
comprehensively collect data on fractionated plasma products,
reports on events related to the inappropriate administration of
anti-D Ig- are collated with feedback of key learning points.
Overall the SHOT data demonstrate that in high-resource

countries, virological safety of the blood supply is advanced.
Efforts should now be concentrated in other areas of transfu-
sion medicine, such as the encouragement of appropriate use of
blood, safe administration of blood components, and accurate
patient and sample identification.

Appropriate use of blood and alternatives
to allogeneic blood transfusion

In view of the inherent risks of blood transfusion and of the
dependency of the blood supply on volunteer donors, blood and
components should only be transfused when the benefits out-
weigh the risks. In addition to the clearly defined adverse events
of transfusion, there are several reasons for aiming to reduce
unnecessary allogeneic blood transfusions:
1 safety of the patient, by avoiding errors, as well as microbio-
logical and immunological risks;
2 increasing difficulties in the recruitment of blood donors;
3 cost containment, with the ever-increasing demands by the
regulatory agencies and technological advances;
4 high anxiety levels in patients, disproportionate to the real
residual infectious risk of transfusion.

Patient blood management (PBM)

PBM may be defined as an evidence-based multidisciplinary
approach to optimizing the care of patients who might need
transfusion, considering alternatives, where feasible, and giving
transfusion only when appropriate. PBM covers all aspects of
decision-making in transfusion therapy, including initial patient
evaluation with use of appropriate indications and transfusion
triggers, minimizing blood loss and optimization of the patient’s
haemoglobin wherever possible. The application of the princi-
ples of PBM can reduce the need for transfusion and therefore
health-care costs, while ensuring that limited donor blood sup-
plies are available for the patients who need them most. In the
surgical setting, the principles of PBM have been described as
the ‘three pillars’, but it is important to note that the overall
PBM strategy applies to all patients whomight need transfusion,
whether adults or children, elective or emergency, in any clini-
cal setting, i.e. medical, surgical, obstetrics, intensive care, etc.
There are now active PBM initiatives in many countries with
ready web-based access to national guidance and resources to
promote implementation.
There should be clear guidelines for safe and appropriate use

of red cells and components in all clinical specialties. These
should be based on national and international data, with appro-
priately graded recommendations reflecting the quality of evi-
dence available within the published literature.
Education and training are fundamental to transfusion safety

and good clinical practice, helping ensure that clinicians make
the right decisions for their patients and use limited resources
appropriately. Yet various studies show significant gaps in essen-
tial knowledge in transfusionmedicine amongst undergraduates
and doctors.
There should be regular multidisciplinary audits of trans-

fusion practice, with feedback of results to all relevant staff
and with re-audit to ensure that changes in practice have been

235



Postgraduate Haematology

Incorrect blood component transfused

Cumulative to 2012 2013

0 500 1000 1500 2000 2500 3000 3500 4000

Handling and storage errors

Anti-D immunoglobulin

Avoidable, delayed or undertransfusion

Haemolytic transfusion reaction

Transfusion-related acute lung injury

Transfusion-associated circulatory overload

Transfusion-associated graft vs host disease

Acute transfusion reaction

Transfusion-associated dyspnoea

Transfusion-transmitted infection

Post-transfusion purpura

Unclassifiable complications of transfusion

Pathological reactions which may
not be preventable

Probably or possibly preventable
by improved practice and monitoring

Adverse events caused by error

Alloimmunisation

Autologous

Figure 13.4 Cumulative data for SHOT categories 1996–2013. The
figure subdivides reports into categories of transfusion-related
adverse events that are due to errors and hence largely avoidable,
compared to others that may be preventable in some cases and
those that are unlikely to be preventable. ‘Acute transfusion

reactions’ includes febrile, allergic and anaphylactic reactions. The
category ‘Autologous’ includes reactions reported in relation to cell
salvage. Further details at www.shotuk.org (Source: Serious
Hazards in Transfusion (SHOT), www.shotuk.org. Reproduced
with permission.)

undertaken, where needed. The National Comparative Audit
of Transfusion is a collaborative initiative between the Royal
College of Physicians in England and NHS Blood and Trans-
plant, with active participation from hospitals across the coun-
try.Greater awareness of transfusionwith emphasis on appropri-
ate use of blood have resulted in a significant decrease in overall

blood usage by more than 500,000 units in the UK in the last
15 years. However, several large regional and national audits of
the use of red cells, platelets and plasma components continue
to show ∼15–20% inappropriate use, with much variation in
practice, highlighting the ongoing need to implement effective
patient blood management.
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Figure 13.5 Cumulative data on causes of errors reported to SHOT 2004–2013. (Source: Serious Hazards in Transfusion (SHOT),
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Clinical decision to transfuse

The decision to transfuse is not just dependent on laboratory
parameters, such as the haemoglobin level, platelet count or clot-
ting screen, but requires a careful assessment of the patient’s
overall clinical status. Timely information should bemade avail-
able to patients, ideally in written leaflets, about the indication
for transfusion, the risks and benefits, and any alternatives avail-
able. These principles encompass ‘valid consent’, which does not
also need a written signature from the patient. The indication
for transfusion and the patient’s consent should be documented
in the clinical records. The initial assessment should include
an evaluation of the patient’s age, body weight and any comor-
bidity that can predispose TACO. Any special requirements,
e.g. extended Rh- and K-matched blood for haemoglobinopa-
thy patients or irradiated components for haemato-oncology
patients should be considered when prescribing and request-
ing blood and components from the transfusion laboratory. Sin-
gle unit red cell transfusions are recommended where possi-
ble, especially in non-bleeding adult patients, and further units
should not be prescribed without further clinical assessment
andmonitoring of the patient’s haemoglobin. Computer-assisted
clinical decision-making may help with appropriate transfusion
therapy, but such systems need significant resources and are not
widely available.

Strategies to minimize transfusion of blood
and components

Early preoperative identification of anaemia (see Table 13.14),
followed by appropriate management with haematinics to opti-
mize the haemoglobin level, can reduce the need for transfu-
sion. The key aims of preoperative assessment are to assess a
patient’s fitness to undergo surgery and anaesthesia, anticipate
complications, arrange for supportive therapy perioperatively
and liaise with the appropriate specialists regarding non-surgical
management. This assessment needs to take place at a presurgi-
cal clinic at least 1 month before the planned date of surgery.
After the clinic, it is imperative that the results are evaluated
so that the necessary action, such as the treatment of iron defi-
ciency anaemia, can be undertaken.
Iron deficiency anaemia is also common in the obstetric set-

ting, with often inadequate systems in place for timely interven-
tion; oral or intravenous iron, as required, should be prescribed.
Active management of anaemia is also indicated in the medi-
cal setting, with targeted management of true or functional iron
deficiency, other haematinic deficiency (i.e. B12 and folate) or
anaemia of chronic disease.
The volume of blood samples taken at phlebotomy should

be minimized since this can exacerbate anaemia, particularly
in premature babies and the intensive care setting. Patients on
anticoagulants and antiplatelet drugs need careful preoperative
assessment with a plan for discontinuation, where appropri-
ate, before surgery. Surgical and anaesthetic techniques, use of

Table 13.14 Preoperative assessment of patients.

� Take a full history and examination, including previous
surgical episodes and bleeding history, transfusion and
obstetric history
� Arrange full blood count (FBC), group and antibody screen,
routine chemistry, coagulation screen (if indicated) and tube for
haematinics assessment (ferritin level for iron stores, vitamin
B12 and folate), which can be put on hold pending FBC results
� Consider use of tranexamic acid to prevent surgical blood
loss
� Make cell salvage available if there is a likelihood of
significant blood loss requiring transfusion and a ‘clean’
surgical procedure
� If iron deficiency give oral iron; use intravenous iron if
intolerant or unresponsive to oral iron or if short timeframe
prior to surgery (< 2 weeks)
� Prescribe folic acid supplement or B12 if evidence of
deficiency
� If patient on antiplatelet therapy or oral anticoagulant drugs
then assess and implement appropriate management plan to
minimize risk of bleeding in the perioperative period

fibrin glues and sealants provides additional scope for avoid-
ance of donor transfusion in the context of surgery. Intraoper-
ative cell salvage should be used where feasible but preopera-
tive autologous blood deposit is no longer favoured, as evidence
of efficacy is patchy and contradictory and the value of pre-
operative haemodilution needs further assessment. Pharmaco-
logical agents, in particular tranexamic acid, can reduce blood
loss and the need for transfusion in many surgical settings with
very low drug costs. Desmopressin (DDAVP) is effective inmild
haemophiliacs. Erythropoietin can help reduce red cell require-
ments, but is expensive and therefore of limited application.
Point of care testing, where available, may aid decision-making
around use of plasma components and platelets, but further clin-
ical studies are still needed in this area. Validated protocols sup-
ported by training and appropriate quality control are essential
where these techniques are used.

Red cell transfusion triggers

The seminal Transfusion Requirements in Critical Care
(TRICC) study demonstrated no mortality benefit for patients
with a higher transfusion threshold when compared to a
restrictive haemoglobin trigger. The results of the TRICC study
are strongly supported by more recent studies in high-risk
patients needing hip surgery, cardiac surgery and acute upper
gastrointestinal bleeding. This evidence from prospective
randomized controlled studies demonstrates that a restrictive
transfusion strategy results in equivalent or possibly better
clinical outcomes than more liberal transfusion and should now
inform clinical decision-making. Accordingly a threshold for
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red cell transfusion of 70–80 g/L haemoglobin is appropriate
in the majority of patients. A higher threshold of 80–90 g/L is
indicated in patients with acute coronary syndromes, pending
further studies.

Platelet transfusions

Platelet transfusions are indicated for the prevention and treat-
ment of haemorrhage in patients with thrombocytopenia or
platelet function defects. The largest group of patients, receiv-
ing up to 67% of all platelet concentrates, are haematology
patients. Most of these platelet transfusions are prophylactic.
The decision to transfuse platelets should be based on clinical
assessment, taking into account clinical risk factors for bleed-
ing and the extent and site of bleeding, together with the platelet
count. The lack of evidence base supporting platelet transfusion
practice has prompted increasing research in this area. Random-
ized controlled studies have attempted to tackle key questions
around decision-making on prophylactic platelet transfusions in
haemato-oncology patients. In such patients, the platelet count
threshold for prophylaxis is 10 × 109/L, but a higher threshold
may be indicated, depending on additional patient risk factors
e.g. sepsis. The dose of prophylactic platelets has been shown to
have no effect on the incidence of bleeding – accordingly, only
single doses (2.4–3 × 1011) of platelets should be administered
prophylactically, with little justification for routine use of higher,
or ‘double’, doses of platelets. There is a lack of evidence for
platelet thresholds, indicating the need for transfusion, in other
clinical settings and, in particular, prior to procedures or surgery,
with the use of empirical guidance to support practice e.g. 50 ×
109/L for minor surgery and 80 × 109/L for major surgery.

Platelet transfusion response and refractoriness
The efficacy of platelet transfusions can be assessed by monitor-
ing clinical response and by checking the platelet count incre-
ment. In patients requiring routine prophylactic platelet trans-
fusions, a repeated failure to obtain a satisfactory response to
two consecutive ABO-matched, relatively fresh platelet trans-
fusions signifies refractoriness to platelet transfusions. Formu-
las to derive platelet recovery or corrected count increment are
of limited value in the clinical setting and simpler, more prag-
matic indicators include a failure of the post-transfusion (10
minutes to an hour) platelet increment to exceed the pretrans-
fusion count or a rise of less than 10 × 109/L after 24 hours post
transfusion.
Refractoriness to platelet transfusions is commonly due to

non-immunological causes associated with increased platelet
consumption or losses such as infections, antibiotics (ampho-
tericin B and fluoroquinolones), splenomegaly/hypersplenism,
DIC and major haemorrhage. Immunological refractoriness
to platelet transfusions is due mainly to antibodies against
antigens on platelets (HLA, HPA, ABO) and, more rarely,

to platelet autoantibodies and drug-dependent antibodies or
immune complexes. Themost common cause of immunological
refractoriness is HLA antibodies in the recipient. Although
HLA alloimmunization is less common following universal
leucodepletion of blood components, it is still a major problem
in haemato-oncology patients needing prophylactic platelet
transfusions.
The refractory patient should be assessed for the presence

of non-immunological causes and if these have been excluded,
and ABO-matched platelets have caused no increment, screen-
ing for HLA antibodies should be undertaken. If these are
present, then platelet transfusions, collected by apheresis, from
donors matched, as closely as possible, with the patient’s HLA-
A and HLA-B antigens should be given. The blood services
in the UK have a large panel of HLA-typed donors, but this
is not so in most countries, where the only alternative is to
give cross-match-compatible platelets from the available stock.
Immediate (10 to 60 minutes) and 24-hour post-transfusion
platelet increments should be measured for evidence of effec-
tiveness of therapy. If there is no response, then screening for
HPA and other less common antibodies should be consid-
ered after advice from a transfusion medicine specialist. HLA-
matched platelet preparations should be irradiated to prevent
TA-GvHD.

Use of fresh frozen plasma and
cryoprecipitate

There is a relative lack of good evidence to support the clini-
cal use of FFP and therefore transfusions are given empirically
in many situations. FFP is indicated in patients with acute DIC
in the presence of bleeding and abnormal coagulation results
(Chapter 40). The indication for FFP use in major haemorrhage
is described below. FFP can also be used to treat inherited sin-
gle coagulation factor deficiencies if the appropriate factor con-
centrates are not available. FFP should not be used for reversal
of oral anticoagulation where the use of prothrombin complex
concentrate is indicated. The coagulopathy of liver disease is also
complex, withmany studies showing the lack of evidence of clin-
ical benefit of prophylactic FFP. A large proportion of the FFP
used in the UK and in many other countries is misused, expos-
ing patients to unnecessary risks.
Cryoprecipitate is indicated for fibrinogen replacement

largely in the major haemorrhage setting (see below). Cryo-
precipitate must not be used for replacement of coagulation
factors in inherited conditions such as haemophilia or von
Willebrand’s disease, since specific factor concentrates are
available (Chapter 38).

Major haemorrhage

Major haemorrhage can occur in many settings, e.g. trauma,
obstetric, GI bleeds, with significant challenges in management.
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Red cell transfusion is usually required when 30–40% of blood
volume is lost (1500 mL in 70 kg male); more than 40% blood
volume loss (1500–2000 mL) is life threatening and requires
immediate transfusion. Red cells are necessary for their oxygen-
carrying capacity and also because they contribute to improved
haemostasis through a rheological effect leading to axial flow
and therefore margination of platelets.
Metabolic changes in stored blood include low pH, hypocal-

caemia and hyperkalaemia. The reduced oxygen-carrying
capacity of stored blood becomes significant only after 21 days’
storage (for CPD-AI blood) and is due to low 2,3-DPG levels
(see Chapter 20). Although, theoretically, excess citrate in trans-
fused blood could cause toxicity, its metabolism in the liver is
usually rapid. In practice, the only situations when citrate toxi-
city is a real problem is with extremely rapid transfusion (one
unit every 5 min), or in infants, especially if premature, hav-
ing exchange transfusion with blood stored in citrate for longer
than 5 days. Hypocalcaemia and hyperkalaemia are usually tran-
sient and rapidly corrected once the transfused blood is circulat-
ing. Acidosis is not generally significant, as citrate metabolism
leads to an alkalosis. However, if a patient is severely shocked
and under-transfused, acidosis may be a clinical problem. All
these changes due to stored blood are exacerbated by hypother-
mia. Cardiac irregularities, in particular ventricular fibrillation,
may result from transfusion of large quantities of cold blood.
The optimal functioning of coagulation factors and of platelets
is also temperature dependent and effectiveness is reduced by
hypothermia. Thus, the use of a blood warmer and keeping the
patient warm are important measures in the management of
patients with major haemorrhage.
Approximately one-quarter of patients bleeding with severe

trauma present with clotting abnormalities, indicating that the
coagulopathy is not merely dilutional related to infusion of flu-
ids or red cells. Indeed, coagulopathy associated with massive
haemorrhage is likely to be multifactorial with contributory fac-
tors, including activation of fibrinolysis and consumptive coag-
ulopathy, exacerbated by hypothermia and hypocalcaemia. The
use of anticoagulant/antiplatelet drugs prior to surgery may fur-
ther contribute to bleeding post surgery together with the hep-
arin needed for bypass for cardiac surgery.
The practical management of major haemorrhage in any

setting needs a coordinated multidisciplinary approach. This
should incorporate significant advances in techniques for resus-
citation as well as surgical, radiological and endoscopy inter-
ventions to control bleeding. The CRASH-2 study has demon-
strated the benefits of early use of antifibrinolytics in trauma
and therefore tranexamic acid should be incorporated into
trauma protocols. Tranexamic acid may also have benefits in
major obstetric haemorrhage and acute upper gastrointestinal
haemorrhage, with multicentre clinical trials ongoing in these
areas.
Baseline blood samples should be taken for full blood count,

chemistry, coagulation screen, and group and screen. In patients

with severe haemorrhage the initial use of group O red cells
is indicated before the blood group is available; RhD negative
units should be given to females of childbearing age. A switch to
group-specific blood should be made as soon as possible.
While there is increasing focus on early and liberal adminis-

tration of FFP, it is worth noting that many of the studies inves-
tigating the use of FFP in traumatic massive haemorrhage in a
ratio of 1:1 with red cells have been retrospective, often in the
military situation and hampered by the effect of survivor bias.
There may be significant delays in obtaining laboratory clot-
ting tests to initiate therapy. Therefore an empirical approach
includes the early administration of FFP at a dose of 15–20
mL/kg, with further treatment guided by laboratory test results
(aiming to maintain the prothrombin time (PT) and activated
partial thromboplastin time (APTT) at a ratio of<1.5× normal)
or near patient tests of coagulation, if available.
Low fibrinogen levels commonly occur in massive haemor-

rhage. FFPmay help improve fibrinogen levels, but specific ther-
apy for fibrinogen replacement is needed if bleeding continues
and the fibrinogen levels fall to< 1.5 g/L. In the UK, cryoprecip-
itate is most commonly used for this indication with the adult
dose being two pools containing five donor units each. Fibrino-
gen concentrate, while available for replacement in congenital
hypofibrinogenaemia, is not licensed for massive haemorrhage,
but is used extensively in Europe as an alternative to cryoprecip-
itate at a dose of 3–4 g. Platelet transfusion should be given if the
count falls below 75 × 109/L in major haemorrhage.

Haemolytic disease of the fetus and newborn
(HDFN)

Haemolytic disease of the fetus and newborn is a condition in
which the lifespan of the fetal/neonatal red cells is shortened
due to maternal alloantibodies against red cell antigens inher-
ited from the father. Maternal IgG can cross the placenta, and
thus IgG1 and IgG3 red cell alloantibodies can gain access to
the fetus. If the fetal red cells contain the corresponding anti-
gen, then binding of antibody to red cells will occur. When the
antibody is of clinical significance (e.g. anti-D, -c, -K), and of
sufficient potency, the coated cells will be prematurely removed
by the fetal mononuclear phagocytic system. The effects on the
fetus/newborn infant may vary according to the characteristics
of the maternal alloantibody. The blood film of a fetus affected
by HDN shows polychromasia and increased numbers of nucle-
ated red cells (Figure 13.6). In most cases (except a few due to
ABO antibodies), the DAT (Coombs test) on the infant’s cells is
positive owing to IgG coating.
The antibodies giving rise to HDFN most commonly belong

to the Rh or ABO blood group systems. The morbidity of Rh
HDN is explained by the great immunogenicity of theD antigen;
HDFN due to anti-c is also important and its incidence comes
second among the cases of severe HDFN, closely followed by
anti-K. (The disease caused by anti-K is more properly called
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Figure 13.6 Blood film of a fetus affected by HDFN showing
polychromasia and increased numbers of normoblasts.

alloimmune anaemia of the fetus and newborn as it is due to
direct inhibition of erythropoiesis by the antibody and haemol-
ysis is not a feature.) Antibodies against antigens in almost all
the blood group systems (e.g. Duffy, Kidd), and against the
so-called ‘public’ and ‘private’ antigens, have also been occa-
sionally responsible for HDFN. However, IgM cannot cross the
placenta and Lewis and P1 antibodies, which occur frequently
during pregnancy, are usually IgM and do not lead toHDN. Fur-
thermore, the Lewis antigens are not red cell antigens per se and
are not fully developed at birth.
Some antibodies (particularly anti-D, -K and -c) are associ-

ated with significant fetal and neonatal risks, such as anaemia
requiring intrauterine or neonatal transfusion, jaundice or peri-
natal loss due to hydrops fetalis or kernicterus. There are many
antibodies that are unlikely to significantly affect the fetus, but
can cause neonatal anaemia and hyperbilirubinaemia), while
others may cause problems for the screening and timely provi-
sion of appropriate blood for the mother or fetus/neonate. ABO
antibodies can also cause mild to moderate anaemia and jaun-
dice in the neonate and very occasionally in the fetus. In partic-
ular, IgG anti-A,B, anti-A and anti-B in group O mothers can
cross the placenta and frequently cause HDFN in group A or B
offspring (see also Chapter 50).
The blood group and antibody status of the mother should

be tested at booking and at 28 weeks of gestation to identify
the ABO group and D status and to detect clinically signifi-
cant red cell antibodies (see Figure 13.7). If red cell antibodies
are detected in the booking sample, further testing of mater-
nal blood should be undertaken to determine the specificity and
level of antibody or antibodies, and to assess the likelihood of
them causingHDFN (Figure 13.8). The levels of anti-D and anti-
c are quantified using automated analysers, whereas the titre of
all other antibodies is determined by doubling dilution. Once
detected, anti-D, anti-c and anti-K levels should be measured
every 4 weeks up to 28 weeks’ gestation and then every 2 weeks,

until delivery. All other antibodies should be re-tested at 28
weeks gestation. Referral to a fetal medicine specialist should
occur when there are rising antibody levels, but referral should
also take place if there is a history of previous HDFN or of preg-
nancy with unexplained severe neonatal jaundice or anaemia
requiring transfusion or exchange transfusion.
An anti-D level of > 4 IU mL but < 15 IU/mL correlates with

a moderate risk of HDFN and an anti-D level of > 15 IU/mL
can cause severe HDFN. An anti-c level of > 7.5 IU/mL but
< 20 IU/mL correlates with a moderate risk of HDFN, whereas
a level of > 20 IU/mL correlates with a high risk of HDFN. For
anti-K, severe fetal anaemia can occur, even with low titres, so
early referral to a fetal medicine specialist is advisable.
Where clinically significant maternal red cell antibodies are

detected, the father’s sample should also be tested for paternal
phenotype to determine the risk of the fetus carrying the relevant
antigen. If the partner is heterozygote or not available, free fetal
DNA (fDNA) extracted from maternal plasma can be tested for
RhD and Rhc genotype from 16 weeks onward and for K from
20 weeks (see Chapter 12).
If the fetus is antigen positive, then the pregnancy must be

assessed and monitored for the development of HDFN by a
fetal medicine specialist. Non-invasive techniques have largely
replaced invasive testing, in particular with Doppler flow veloc-
ity; the use of middle cerebral artery (MCA) peak systolic veloc-
ity is a highly sensitive method for detecting fetal anaemia (see
Figure 13.9). Ultrasound monitoring may help in detecting fea-
tures suggesting severe fetal anaemia including polyhydramnios,
skin oedema and cardiomegaly. The MCA peak systolic velocity
related to gestation helps guide the need for further intervention
including fetal blood sampling (see Figure 13.10) and intrauter-
ine transfusion. The specifications for blood used for IUT are
shown in Table 13.7.
Where themother is known to have immune red cell antibod-

ies, at delivery, cord blood should be taken forABOandD typing
and also for DAT, Hb and bilirubin levels. A positive DAT indi-
cates that the infant’s red cells are coated with antibody, but in
itself cannot predict the severity of haemolysis, if any. Notably
the DAT may be negative in ABO HDFN. It is therefore essen-
tial to also determine the Hb and bilirubin level to ascertain the
degree of anaemia and haemolysis at birth, as this helps guide
management, either with phototherapy or transfusion (see also
Chapter 50). The specifications for blood for exchange transfu-
sion are shown in Table 13.7. Some infants may have anaemia
persisting for a few weeks following birth. While this may be
due to passively acquiredmaternal antibodies causing continued
haemolysis, it may also be due to suppression of erythropoiesis
with extremely low reticulocytes in the affected infants and fur-
ther top-up transfusions may be needed.

Prevention of RhD HDFN
The introduction of prophylaxis with anti-D immunoglobulin
(anti-D Ig) for D-negative mothers has greatly reduced the risk
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At booking
All pregnant women

ABO + D* typing
Antibody screen

Clinically significant
antibody screen positive 

Anti-D, -c or -K antibodies**
Test monthly until 28 weeks 

See Figure 13.8

All other clinically 
significant antibodies 

Consider paternal/fetal 
genotyping for 

corresponding antigen(s)

From 28 weeks:
Test 2 weekly until delivery 

See Figure 13.8
Repeat antibody screen

at 28 weeks

No clinically significant
antibodies

No clinically significant
antibodies

Repeat testing
at 28 weeks 

No antibodies
No further

action

Clinically
significant
antibodies

Cord blood for:
DAT, Hb, bilirubin

Management of HDN
as needed

Figure 13.7 Blood group and antibody testing in pregnancy. If
D-negative mother with no immune anti-D, advise anti-D Ig
prophylaxis for any potentially sensitizing events in pregnancy and
give routine antenatal anti-D Ig prophylaxis (RAADP), either as a
single dose or as two doses (see RCOG anti-D guidelines); after
delivery check cord sample for D type and maternal sample for
fetomaternal haemorrhage (e.g. Kleihauer) testing to check if
further anti-D Ig needed, in addition to the standard dose, which

should be given in the first instance after delivery. DAT, direct
antiglobulin test; Hb, haemoglobin; RAADP, routine antenatal
anti-D Ig prophylaxis. (Source: RCOG Greentop guidelines 65,
2014. Reproduced with permission of The Royal College of
Obstetricians and Gynaecologists.)
**Pregnancies with immune anti-D, -K or -c are at particular risk
of severe fetal HDFN, so further early assessment and referral to
fetal medicine specialist is indicated.

of HDFN, a previously significant cause of morbidity and mor-
tality. Prior to the availability of anti-D prophylaxis, the first
ABO-compatible, RhD-positive offspring resulted in the pri-
mary immunization of about 17% of D-negative women. The
rate of alloimmunization fell considerably after administration
of anti-D Ig postpartum and following other potentially sensi-
tizing events (PSEs) during pregnancy, as listed in Table 13.15. It
was, however, recognized that ‘silent’ transplacental bleeds could
still occur in the later stages of pregnancy and the introduction
of routine antenatal anti -D prophylaxis further reduced the sen-
sitization rate to very low levels, ranging from 0.17 to 0.28%.
Associated with this reduction in sensitization is a reduction in

mortality due to HDFN, from 46/100,000 births to 1.6/100,000
births.
Following sensitising events, anti-D Ig should be administered

as soon as possible and ideally within 72 hours of the event. If,
exceptionally, this deadline has not been met, some protection
may be offered if anti-D Ig is given up to 10 days after the sensi-
tizing event. In pregnancies less than 12 weeks’ gestation, anti-D
prophylaxis is only indicated following ectopic pregnancy and
therapeutic termination of pregnancy, but may also be indicated
in some cases of uterine bleeding, where this is repeated, heavy
or associated with abdominal pain. For PSEs between 12 and 20
weeks’ gestation, a minimum dose of 250 IU (50 μg) should be
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Anti-D 
Quantify antibody level

4–15 IU/mL: mod risk HDFN
>15 IU/mL: severe risk HDFN

Anti-c 
Quantify antibody level

7.5–20 IU/mL mod risk HDFN
>20 IU/mL severe 

Anti-K 
Titrate antibody

Non-invasive
pre-natal diagnosis Test father

K-positive
heterozygous

expression

K-positive
homozygous
expression

K-negative

K-
positive

ffDNA

K-
negative

Ab – antibody
Bili – bilirubin
DAT – direct antiglobulin test
ffDNA – free fetal DNA testing
Hb – haemoglobin
HDFN – haemolytic disease of the fetus and newborn
IUT – intrauterine transfusion
MCA Doppler – middle cerebral artery Doppler
US – ultrasound

Non-invasive
pre-natal diagnosis Test father

D-positive
heterozygous

expression

D-positive
homozygous
expression

D-negative

D-
positive

ffDNA

D-
negative

Non-invasive
pre-natal diagnosis Test father

c-positive
heterozygous

expression

c-positive
homozygous
expression

c-negative

c-
positive

ffDNA

c-
negative

FETUS AT RISK OF HDFN

Refer to specialist unit
fetus US, MCA Doppler. IUT if needed

Deliver at 37 weeks gestation

Cord blood Hb, bili, DAT

Figure 13.8 Management algorithm for pregnancies complicated with anti-D, anti-K or anti-c alloimmunization from RCOG Greentop
guideline 2014. (Source: RCOG Greentop guidelines 65, 2014. Reproduced with permission of The Royal College of Obstetricians and
Gynaecologists.)

given. For PSEs after 20 weeks’ gestation a minimum anti-D Ig
dose of 500 IU (100 μg) is indicated and testing for fetomater-
nal haemorrhage (FMH) should be performed to determine if
additional anti-D Ig is needed.
The National Institute for Clinical Excellence (NICE) has rec-

ommended that D-negative pregnant women who do not have

immune anti-D, should be offered routine antenatal anti-D pro-
phylaxis (RAADP) during the third trimester of pregnancy. This
can be with a single dose regimen at 28 weeks, or two dose reg-
imen given at 28 and 34 weeks. It is important that the 28-week
sample for blood group and antibody screen is taken prior to the
first routine prophylactic anti-D Ig injection. RAADP should be
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Figure 13.9 Middle cerebral artery Doppler. Peak
velocity of systolic blood flow in the middle cerebral
artery in 111 fetuses at risk for anaemia due to maternal
red cell alloimmunization. Open circles indicate fetuses
with either no anaemia or mild anaemia (≥0.65
multiples of the median Hb concentration). Triangles
indicate fetuses with moderate or severe anaemia
(<0.65 multiples of the median Hb concentration).
Solid circles indicate the fetuses with hydrops. Solid
curve indicates the median peak systolic velocity in the
middle cerebral artery and the dotted curve indicates
1.5 multiples of the median. (Source: Professor Charles
Rodeck. Reproduced with permission.)
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Figure 13.10 Fetal haemoglobin (Hb) concentration
of 48 hydropic (open circles) and 106 non-hydropic
(closed circles) fetuses from red cell isoimmunized
pregnancies at the time of first blood sampling.
Values are plotted on the reference range of fetal Hb
for gestation. The individual 95% confidence
intervals of the normal Hb for gestation define zone I
and the individual 95% confidence intervals of the
Hb for gestation of the hydropic fetuses define zone
III. Zone II indicates moderate anaemia. (Source:
Professor Charles Rodeck. Reproduced with
permission.)

regarded as a separate entity and administered regardless of, and
in addition to, any anti-D Ig that may have been given for a PSE.
Following birth, the cord blood should be tested and if the

baby is D-positive, all D-negative, previously non-sensitised,
women should be offered at least 500 IU (50 μg) anti-D Ig
within 72 hours following delivery. Maternal samples should
be tested for FMH and additional dose(s) given as guided by
FMH tests (see below). If there is an intrauterine death (IUD)
and no sample can be obtained from the baby, an appropriate
dose of prophylactic anti-D Ig should be administered. Anti-
D prophylaxis is also indicated if intraoperative cell salvage is
used during caesarean section in D-negative women, where the
cord blood group is confirmed as D-positive (or unknown) with
estimation of FMH on a maternal sample taken 30–45 min-
utes after reinfusion to check if additional doses of anti-D Ig are
needed.
A dose of 500 IU (50 μg), intramuscularly (IM) is considered

sufficient to treat an FMH of up to 4 mL fetal red cells. Where

Table 13.15 Potentially sensitizing events in pregnancy (from
BCSH guidelines 2014).

� Amniocentesis, chorionic villus biopsy and cordocentesis
� Antepartum haemorrhage/PV bleeding in pregnancy
� External cephalic version
� Fall or abdominal trauma (sharp/blunt, open/closed)
� Ectopic pregnancy
� Evacuation of molar pregnancy
� Intrauterine death and stillbirth
� In-utero therapeutic interventions (transfusion, surgery,
insertion of shunts, laser)
� Miscarriage, threatened miscarriage
� Therapeutic termination of pregnancy
� Delivery – normal, instrumental or caesarean section
� Intraoperative cell salvage

it is necessary to give additional doses of anti-D Ig, as guided by
tests for FMH, the dose calculation is traditionally based on 125
IU anti-D Ig/mL fetal red cells for IM administration. However
themanufacturer’s guidance should be referred to, depending on
which product is used. In cases of large FMH, and particularly
if FMH is in excess of 100 mL, a suitable preparation of intra-
venous anti-D Ig should be considered. Good communication
between the antenatal teams and the transfusion laboratory is
essential, with clear documentation of issue and administration
of anti-D immunoglobulin. In the UK, the SHOT haemovigi-
lance scheme continues to report on many errors with delayed
or missed administration of anti-D prophylaxis.

Testing for fetomaternal haemorrhage (FMH)
Commonly used techniques for quantification of FMH include
the acid elution method, a modification of the Kleihauer–Betke
test, and flow cytometry.
The principle of the Kleihauer test relies on the different

properties of fetal haemoglobin (HbF) and adult haemoglobin
(HbA), whereby HbF is more resistant than HbA to both acid
elution and alkaline denaturation. When a blood film from the
maternal sample is fixed and immersed in an acid buffer solu-
tion, HbA is denatured and eluted, leaving red cell ghosts. Fetal
red cells containing HbF that is resistant to elution stand out
after staining in a background of maternal ghost cells. The rel-
ative percentages can then be counted using light microscopy
to calculate an estimated volume of FMH. It is essential to have
positive and negative controls. This is a manual test with a high
coefficient of variation. Accordingly current BCSH guidelines
recommend that more accurate testing with flow cytometry
should be undertaken if the estimated FMH volume is >2 mL.
Flow cytometry is used to quantify the population of RhD-

positive fetal cells in the RhD-negative maternal sample, using
a fluorochrome-conjugated IgG monoclonal anti-D to label the
D-positive cells.
A maternal sample should be taken for FMH testing after any

sensitizing event occurring after 20 weeks’ gestation. When the
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sensitizing event is before 20 weeks, the fetal blood volume is
considered insufficient to exceed that covered by the minimum
anti-D Ig dose, as recommended above. FMH testing should also
then be undertaken after delivery, following which a standard
dose of anti-D should be given after the baby is confirmed to be
D-positive on cord blood testing. The result of the FMH testing
is then used to decide if additional doses of anti-D Ig are needed.
If additional doses of anti-D Ig are indeed needed, then follow-
up FMH testing is indicated to confirm clearance of D-positive
cells from the maternal circulation. Repeat FMH testing should
be undertaken after 48 hours if anti-D is given intravenously or
72 hours after an intramuscular dose.

Rh D-positive platelet transfusions
Whenever possible, D-negative platelets should be transfused
to D-negative girls or women of childbearing potential, but on
occasions, depending on availability and clinical need, it may
be necessary to transfuse D-positive platelets. In these circum-
stances, prophylaxis against possible Rh alloimmunization by
red cells contaminating the platelet product may be needed. In
the UK, a dose of 250 IU (25 μg) anti-D Ig is considered suf-
ficient to cover up to five adult therapeutic doses of D-positive
platelets given within a 6-week period. In severely thrombocy-
topenic patients with platelet counts of ≤ 30 × 109/L, anti-D Ig
should be given subcutaneously, or if an appropriate prepara-
tion is available, intravenously, to avoid the risk of intramuscular
bleed following IM injection.

Inadvertent transfusion of RhD-positive blood
to RhD-negative women of childbearing
potential
When less than one unit of red cells has been transfused,
the appropriate dose of anti-D Ig may be given (see above).
If more than 15 mL have been transfused, the larger anti-D
immunoglobulin preparations (1500 or 2500 IU), if available,
should be considered with intravenous anti-D immunoglobulin
being preferable, achieving adequate plasma levels immediately.
The quantitation of D-positive red cells should be performed by
flow cytometry after 48 hours if an intravenous dose of anti-D
has been given, or 72 hours if an intramuscular dose has been
given and further anti-D Ig given until there are no detectable
D-positive red cells in circulation.
Whenmore than one unit of D-positive blood has been trans-

fused, a red cell exchange transfusion should be considered to
reduce the load of D-positive red cells in the circulation and the
dose of anti-D Ig required to suppress immunization. A single
blood-volume red cell exchange transfusion will achieve a 65–
70% reduction inD-positive red cells; a double volume exchange
will achieve an 85–90% reduction. Shortly after the exchange
transfusion, the residual volume of D-positive red cells should
be estimated using flow cytometry to guide anti-D Ig dosage
needed.

Advice should be sought from a transfusion medicine spe-
cialist. The patient should be counselled regarding the implica-
tions of both non-intervention (for future pregnancies) and of
treatment, including any hazards from receiving donated blood,
the exchange procedure itself and of larger doses of anti-D Ig,
including intravenous anti-D. Passive anti-D Ig given in large
doses may remain detectable and tests for immune anti-D may
be inconclusive for several months.

Neonatal alloimmune thrombocytopenia

This is a condition in which the platelets of the fetus and new-
born are destroyed by maternal platelet-specific alloantibod-
ies against platelet antigens inherited from the father (see also
Chapter 50). It is analogous toHDFN, but for platelets. Although
more than 15 HPA systems have been described, most cases are
due to anti-HPA-1a in alloimmunized HPA-1b mothers. The
difference with neonatal alloimmune thrombocytopenia is that
the offspring of the first pregnancy can be affected and that
the potency of the platelet antibodies is often not correlated
with the severity of the fetal or neonatal thrombocytopenia. The
most serious complication is intracranial haemorrhage, which
may lead to death or severe neurological sequelae. Treatment
consists of intravenous immunoglobulin and/or transfusion of
HPA-1anegative platelets, available from the national Blood
Services’ to ‘Pending confirmatory testing, transfusion of HPA-
1a negative platelets is indicated and these are available from the
national Blood Services. Specialist transfusion advice should be
sought.
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CHAPTER 14

14Phagocytes
John Mascarenhas, Marina Kremyanskaya and Ronald Hoffman
Tisch Cancer Institute, Icahn School of Medicine at Mount Sinai, New York, New York, USA

Introduction

White blood cells have fundamental roles in defence against
invading microorganisms and the recognition and destruction
of neoplastic cells, as well as their role in acute inflamma-
tory reactions. Furthermore, through their phagocytic function,
white blood cells are influential in clearing senescent and apop-
totic cells, hence allowing tissue repair and remodelling. Pro-
duction of various cytokines by white blood cells influences the
functions of other cells and affects processes such as cellular and
humoral immunity, and allergic phenomena. The phagocytic
actions of white blood cells can cause damage to the host tis-
sue, leading to inflammation. This occurs either as a by-product
of their microbial killing actions or as a direct attack on the host
in autoimmune disorders.
Normal haemopoiesis, including generation of appropriate

numbers of white blood cells and types, is dependent upon
intricately regulated signalling cascades that are mediated by
cytokines and their receptors. Orderly function of these path-
ways leads to the generation of a normal constellation of
haemopoietic cells, and their abnormal activation results in
impaired apoptosis, uncontrolled proliferation and neoplas-
tic transformation. Cytokines function in a redundant and
pleiotropic manner; different cytokines can exert similar effects
on the same cell type and any particular cytokine can have sev-
eral differing biological functions. This complexity of function
is a result of shared receptor subunits, as well as overlapping
downstream pathways, culminating in transcription of similar
genes. Increased understanding of the role of cytokines and
other growth factors in the control of normal haemopoiesis has
led to better delineation of the pathogenetic events that affect the
function and number of these cells.

In this chapter, we consider the normal production and func-
tion of white blood cells involved in phagocytosis and describe
various disorders causing their altered number and activity.

Mechanisms of phagocyte function

Locomotion

Phagocytes are an important part of the innate host defence sys-
tem, performing their function either as resident cells in tissues
(e.g. macrophages) or as circulating defenders (e.g. neutrophils,
eosinophils and monocytes). Phagocytosis of invading micro-
organisms by both types of defenders involves the synthesis of
highly toxic derivatives of molecular oxygen by the respiratory
burst NADPH oxidases and the delivery of stored antimicrobial
proteases into the vacuoles containing microbes.
Circulating phagocytes such as neutrophils respond to spa-

tial gradients of chemotaxins. The signals generated by such
gradients activate the cytoplasm of the cells leading to propul-
sive and retractive events. The locomotion of neutrophils is
achieved by the contraction of an actin filamentous network
in the cortical gel at the leading front. Phagocytic cells pos-
sess a number of cell–cell adhesion receptors and ligands, which
mediate their recruitment, migration and interaction with other
immune cells (Table 14.1). These include integrins, members
of the immunoglobulin superfamily and the selectins. Migra-
tion of macrophages is mediated by cytokine-regulated expres-
sion of intercellular adhesion molecules (ICAMs) on the sur-
face of both phagocytes and endothelial cell. ICAMs share a
similar structure with the immunoglobulin family and other
immunoglobulin-like adhesion molecules, such as vascular cell
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Table 14.1 Phagocytic cell adhesion molecules.

Adhesion molecule CD number Cellular distribution Ligand Function

Integrin family
Very late-acting antigens
α1β1 (VLA-1) CD49a/29 Mo, EC Collagen I, IV, laminin Cell adherence to ECM
α2β1 (VLA-2) CD49b/29 Mo, EC, platelets Collagen I, IV, laminin
α3β1 (VLA-3) CD49c/29 Mo Collagen I, laminin,

fibronectin
Cell adherence to ECM

α4β1 (VLA-4) CD49d/29 Mo, eos, bas Fibronectin, VCAM-1 Cell adherence to ECM and
cell–cell adhesion matrix

α5β1 (VLA-5) CD49e/29 Mo, neut, EC Fibronectin Cell adherence to ECM
α6β1 (VLA-6) CD49f/29 Mo Laminin Cell adherence to ECM

Leucocyte integrins (LFA-1 family)
αDβ2 –/18 Ma ?
αLβ2 (LFA-1) CD11a/18 Mo, Ma, granulocytes ICAM-1, ICAM-2, ICAM-3 Cell–cell adhesion and

cell–matrix adhesion
αMβ2 (CR3, Mac-1) CD11b/18 Mo, Ma, granulocytes ICAM-1, C3bi, fibronectin,

factor X, microbial
antigens

Endothelium adherence/
extravasation

αXβ2 (p150,95) CD11c/18 Mo, Ma, granulocytes C3bi, fibronectin Adhesion during
inflammatory response

Cytoadhesins
αVβ3 (vitronectin
receptor)

CD51/61 Mo, EC Vitronectin, fibronectin,
collagen,
thrombospondin, vWF

Cell adherence to ECM

αRβ3 (leucocyte
response integrin)

Mo, granulocytes Vitronectin, fibronectin,
collagen,
thrombospondin, vWF

Cell adherence to ECM

αVβ5 CD51/– Mo Vitronectin, fibronectin Cell adherence to ECM
αVβ7 CD51/– Ma ?

Immunoglobulin superfamily
ICAM-1 CD54 Mo, EC αLβ2,αMβ2 Cell–cell adhesion
ICAM-2 CD102 Mo, EC αLβ2 Cell–cell adhesion
ICAM-3 CD50 Mo, granulocytes αLβ2 Cell–cell adhesion
VCAM-1 CD106 Ma, EC, dendritic cells α4β1 Recruitment
PECAM-1 CD31 Mo, EC, platelets CD31, αVβ3 Transmigration
HCAM CD44 Ubiquitous Collagen I, IV, fibronectin Extravasation

Selectin family
L-selectin CD62L Mo, granulocytes Carbohydrate determinants

on EC
Migration, rolling on vessel
wall

E-selectin CD62E Neutrophil, EC Mo, neut, eos Migration, rolling on vessel
wall

P-selectin CD62P EC, platelets Mo, neut, eos Adhesion to activated
platelets and EC

Bas, basophil; CD, cluster of differentiation; EC, endothelial cell; eos: eosinophil; ICAM, intercellular adhesion molecule; Mo, monocyte;
Ma, macrophage; neut, neutrophil.
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adhesion molecule (VCAM)-1, and serve as ligands for the β2
integrins. Another member of the endothelial immunoglobulin
superfamily, PECAM-1 (CD31), plays an important role in the
transmigration of neutrophils intomucosa or other body tissues.
The β2 integrin family consists of three leucocyte-restricted

integrins, LFA-1 (CD11a/CD18), CR3 (MAC-1, CD11b/CD18)
and p150/95 (CD11c/CD18). LFA-1 and ICAM-1 are both
present onmonocytes andmediate their attachment to endothe-
lial cells and to lymphocytes bearing the corresponding recep-
tor/ligand, thereby facilitating antigen presentation. Recently,
serum response factor (SRF) has been shown to be critical to
neutrophil adhesion and migration at sites of inflammation via
regulation of CD11b.
Selectins are expressed on all leucocytes (L-selectins) as

well as postcapillary endothelial surfaces (E-selectins) and in
platelet α-granules and endothelial cell Weibel–Palade bodies
(P-selectins). The interaction of E- and P-selectins on cytokine-
activated endothelial cells, and L-selectins on macrophages with
their appropriate ligands, targets phagocytic cells to the endothe-
lium at sites of vascular injury and initiates the rolling move-
ment of leucocytes along the vessel wall. Paracellular diapedesis
is the purposeful coordinated movement of leucocytes though
the endothelial lining towards sites of inflammation. Selectin-
mediated leucocyte tethering and rolling across endothelial
surfaces is followed by integrin-mediated firm adhesion and
leucocyte polarization at endothelial cell junctions. CD157, a
glycosylphosphatidylinositol (GPI)-anchored surface protein, is
crucial to this process of locomotion and is expressed on the sur-
face of neutrophils and vascular interendothelial junctions.

Phagocyte receptors

Phagocytes express a number of surface receptors that recog-
nize microbial surfaces, as well as altered tissue components
and apoptotic bodies (Table 14.2). Furthermore, non-specific
components of the innate immune response, such as the com-
ponents of the complement cascade, can tag and thereby iden-
tify invading microorganisms, thus allowing their opsoniza-
tion via another family of receptors, leading to the uptake of
complement-coatedmicroorganisms. Similarly, othermolecules
such as matrix proteins (i.e. fibronectin and vitronectin) can act
as opsonins allowing recognition and uptake by the phagocytic
cells.
Phagocytes also express a number of receptors for the Fc

portion of immunoglobulin molecules IgA, IgE and IgG. They
mediate opsonization of particles and microorganisms, enhanc-
ing their phagocytic uptake. The antigen-binding site (Fab) of
IgG binds to bacteria exposing the Fc-binding site, which is
in turn recognized by one of three classes of receptors, FcγRI,
FcγRII or FcγRIII. Polymeric IgA antibody can also function as
an opsonin and is recognized by a specific IgA receptor (FcαR),
which iswidely distributed on the circulating haemopoietic cells,

but is more highly expressed in phagocytes in the secretions of
the gut and the lung.
A number of miscellaneous receptors involved in phagocyto-

sis have been described, such as themacrophagemannose recep-
tors (MMR), lectin-likemolecules that bindmannose and fucose
residues on the surfaces of yeast, bacteria and parasites. These
receptors are present only on the surface of macrophages and
their activation mediates endocytosis, phagocytosis and cyto-
toxicity by reactive oxygen intermediates. In addition to recog-
nizing the haemoglobin–haptoglobin complex, the macrophage
scavenger receptor CD163 has also been shown to bind Gram-
positive and Gram-negative bacteria and elicit an inflamma-
tory cytokine response as part of the innate immune response.
CD14 is the receptor for complexes of lipopolysaccharide (LPS)-
binding protein with LPS, which coat Gram-negative bacteria
and enhance phagocytosis. CD14 is constitutively expressed on
monocytes and macrophages and TNF, IL-1 and IL-6 increase
its expression, whereas IFN-γ and IL-4 decrease it.
Different subsets of dendritic cells and macrophages likely

play distinct roles in the clearance of cells at different stages
of apoptosis. IL-10-producing anti-inflammatory macrophages
are the professional phagocytes involved in the recognition
and clearance of early apoptotic cells. The membrane of apop-
totic cells binds increased amounts of thrombospondin, a
macrophage secretory product that is recognized by both CD36
(thrombospondin receptor) and integrin αvβ3 (vitronectin
receptor). Similarly, phagocytic lectin receptors bind carbohy-
drate determinants exposed on the surface of apoptotic cells. A
specific receptor for phosphatidylserine has also been described,
which acts alone or in association with CD36 to recognize the
exposed phosphatidylserine. CD14 has also been reported to
be involved in tethering of apoptotic lymphocytes via interac-
tion with ICAMs. Apoptotic cell-associated molecular patterns
(ACAMPs) are highly conserved molecular changes expressed
in cells undergoing apoptosis that are recognized by innate
immune system receptors such as CD14, CD91, C1q, C3bi, col-
lectins and pentraxins. Neutrophils also recognize chemoattrac-
tant signals through receptors expressed on their cell surface.
N-formyl-methionyl tripeptide receptors such as f-Met-Leu-
Phe (FMLP) are similar to naturally occurring bacteria-derived
factors. Each demonstrates time-dependent saturable binding
kinetics and a high-affinity dissociation constant (KD) for the
specific chemoattractant.

Phagocytic signalling

The complex process of phagocytosis is regulated by events
related to the activation of various receptors such as the FcγRs.
Such receptor activation results in initiation of downstream
signalling events through immunoreceptor tyrosine-based
activation motifs (ITAMs). As a result of cross-linking of these
receptors under appropriate conditions, downstream effector
functions are activated, resulting in phagocytosis, stimulation of
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Table 14.2 Opsonic receptors mediating phagocytosis.

Receptor Marker Opsonic ligand
Binding affinity
(Ka) Cell type Function

FcγRI CD64 IgG1 High (50 nmol/L) Monocytes,
macrophages,
neutrophils (after
IFN-γ exposure)

Phagocytosis,
respiratory burst

FcγRII CD32 IgG1 = IgG3 ≥
IgG4 = IgG2

Low (1 μmol/L) Neutrophils,
monocytes,
macrophages

Phagocytosis,
respiratory burst

FcγRIII IgG1 = IgG3 Low (110 nmol/L) Neutrophils,
monocytes,
macrophages

IIIB: phagocytosis
(requires CR1 or
FcγRII)

IIIA CD16a, 1 allotype
NA1

Low (470 nmol/L)

IIIB CD16b, two allotypes
NA1 and NA2

FcαR CD89
My43 IgM

IgA1, IgA2, secretory
IgA1 and IgA2

Neutrophils,
monocytes,
macrophages, T and
B cell subsets, NK
cells, erythrocytes

Phagocytosis,
respiratory burst,
bacterial killing

CR1 CD35, four alleles C3b and C4b dimers High
(0.5 nmol/L)

All phagocytes, some T
lymphocytes

Phagocytosis

CR3 CD11b/CD18 Mac1 C3bi High
(0.5 nmol/L)

All phagocytes, NK
cells, γδ T cells

Phagocytosis,
respiratory burst

CR, complement receptor; NK, natural killer.

the respiratory burst, degranulation of bactericidal proteins and
activation of transcription factors, in turn leading to enhanced
expression of genes encoding cytokines and other inducible
proteins.
Members of the Src family of tyrosine kinases (e.g. Lyn, Fgr

and Hk) associate with FcγRs and are likely responsible for their
tyrosine phosphorylation. The tyrosine-phosphorylated ITAMs
then serve as binding sites for downstream kinases such as Syk,
which propagate signals important for phagocytosis.

Degranulation and secretion

Degranulation and secretion are processes whereby the contents
of phagocytic storage granules are released into the phagocytic
vacuoles (degranulation) or into the extracellular space (secre-
tion). Degranulation and secretion can be triggered by invad-
ing microorganisms, immune complexes, cytokines, chemotac-
tic factors, and adhesion to tissue surfaces and activation of
ICAMs. The processes of degranulation and secretion beginwith
the onset of phagocytosis. A number of morphological changes
occur within the granules and they translocate and fuse their
membranes with those of the phagocytic vacuoles formed by the
invagination of the plasma membrane.

Cytoskeletal proteins are essential for this process, facilitat-
ing granule transfer to plasma membrane or phagolysosomes. A
number of soluble molecules capable of provoking the release of
granule content into the extracellular space have been described.
These include many chemotactic factors such as C5a, FMLP,
platelet-activating factor (PAF) and LTB4, as well as phor-
bol myristate acetate and several non-chemotactic interleukins,
cytokines and various growth factors. Importantly, phagocytes
are capable of rapidly replenishing cellular stores of proteins and
forming newgranules, thus allowing repeated degranulation and
secretion.

Phagocytic killing: the respiratory burst

Activation of phagocytes is associated with a rapid and dramatic
increase in oxygen consumption described as the respiratory
burst, forming the highly reactive hydroxyl radical (OH∙), which
is highly microbicidal. This and other reactive oxidative prod-
ucts not only contribute to microbial killing, but also activate
metalloproteinases such as elastase and collagenase, leading to
the surrounding tissue injury that often accompanies phagocyte
activation.
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The NADPH oxidase is a multicomponent enzyme, with sev-
eral subunits located in various regions of the quiescent phago-
cytes (Figure 14.1). Activation of NADPH oxidase results from
PKC-mediated phosphorylation of p47 phox and the subsequent
binding of the p47 phox phosphoprotein and the p67-phox–p40-
phox complex to the membrane flavocytochrome b558 located
primarily in the specific granules, gelatinase granules and secre-
tory vesicles of neutrophils. The cytochrome b558 is the termi-
nal component of the superoxide-generating system, allowing
the efficient transfer of electrons from the cytoplasmic NADPH
to the surface of phagolysosome or the extracellular surface,
where oxygen is reduced to the superoxide anion. Other GTP-
binding proteins such as Rap1A and Rac2 associate with the
above molecules and regulate phagocyte activation and oxidase
activity through their preferred substrate GTP (Figure 14.1).

Phagocytic killing: nitric oxide

Generation of reactive nitrogen intermediates through nitric
oxide synthase (NOS) is another mechanism for phagocytic
killing of microbes. Nitric oxide (NO) is the highly reactive free
radical product of the oxidation of L-arginine in phagocytes
during inflammation. Three distinct isoforms of NOS have
been described in blood cells. Two are found in endothelial
and neuronal cells and the third, inducible NOS, is induced by
cytokines, such as IFN-γ, in a number of cell types. NO has an

important role in the antimicrobial activity of both neutrophils
and mononuclear phagocytes. NOS is located in the cytoplasm
andmediates defence against facultative intracellular pathogens,
as well as other prokaryotic and eukaryotic pathogens.

Phagocytic killing: antimicrobial proteins

Phagocytic cells such as neutrophils can kill microorganisms
using proteins present in various granules. The contents of each
phagocytic cell type are specific. Neutrophil antimicrobial pro-
teins include defensins, serpocidins (including cathepsin G and
azurocidin) and bacterial permeability-increasing protein (BPI).
The antimicrobial proteins within neutrophils are summarized
in Table 14.3.
These microbicidal proteins exert their killing effect through

enzymatic processes such as proteolysis or by non-catalytic
mechanisms, and the combination of such events potentiates
bactericidal activity. Cathepsin G is a serine protease that exerts
its bactericidal action by binding to penicillin-binding pro-
teins of bacteria and interfering with the synthesis of pepti-
doglycans. Azurocidin is a serine protease effective against a
number of bacteria and fungi. Defensins constitute as much
as 50% of neutrophil granule protein content and exert their
cidal activity by inserting into hydrophobic channels, forming
voltage-dependent ion channels in the lipid bilayer. BPI kills
Gram-negative bacteria by binding to their LPS capsule and
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Figure 14.1 Components of the NADPH oxidase system. The
components include a 47-kDa cytosolic protein (p47), a 67-kDa
cytosolic protein (p67), a 40-kDa cytosolic protein (p40), cytosolic
G-proteins (Rac and Rap1) and a membrane-bound cytochrome
(b558). The cytochrome consists of haem-containing p22-phox and
gp91-phox. The gp91 subunit is an FAD-dependent flavoprotein
shuttling electrons to molecular oxygen, forming O2

−. The p47

component can be phosphorylated to various extents. In activated
cells, the p40, p47 and p67 proteins translocate to the membrane to
form an activation complex with cytochrome b558. Similarly, the
Rac and Rap1 proteins also translocate. The activated oxidase
passes electrons from NADPH via FAD to oxygen, thereby
generating superoxide.
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Table 14.3 Neutrophil microbicidal proteins.

Protein Characteristics Target organisms Effects on target

Non-enzymatic proteins
BPI Highly cationic, neutralizes LPS,

most potent cidal protein, not
released from granule

Gram-negative bacteria Binds lipid A region of LPS,
increases bacterial membrane
permeability, activates
bacterial degradative enzymes

Defensins Comprise 30–50% of azurophil
granule protein

Gram-positive > Gram-negative
bacteria, fungi, viruses,
mammalian cells

Increases membrane
permeability

Lactoferrin Cationic, stimulates hydroxyl
radical formation

Gram-positive and
Gram-negative bacteria, fungi

Oxidative damage

Catalytic proteins and analogues
Proteinase 3 Serine proteinase Escherichia coli, Streptococcus

faecalis, Candida albicans
Growth inhibition

Cathepsin G Serine proteinase Gram-positive and
Gram-negative bacteria, fungi

Inhibition of peptidoglycan
synthesis

Azurocidin Serine proteinase Gram-negative bacteria Non-catalytic mechanisms
Lysozyme Cationic Gram-negative bacteria, few

Gram-positive bacteria
Potentiation of complement and
H2O2 killing, cleavage of cell
wall peptidoglycans

Elastase No direct cidal activity Coactive with lysozyme,
potentiation of MPO–halide–
H2O2 system

BPI, bacterial permeability-inducing factor; LPS, lipopolysaccharide; MPO, myeloperoxidase.

altering their bacterial membrane permeability to extracellu-
lar solutes. Other neutrophil granule proteins include lactofer-
rin which binds iron and kills some Gram-negative bacteria by
generating free radicals, and lysozyme, which is involved in the
digestion of killed bacteria in phagolysosomes of neutrophils.

Production, structure and dysfunction of
phagocytes

White blood cells are produced from pluripotent haemopoi-
etic stem cells located within the bone marrow. Development of
white blood cells along different lineages is governed by external
stimuli, including cytokines, matrix proteins and other cellular
products within the marrow environment. The combination of
specific cytokines and growth factors influences the maturation
of white blood cell progeny along specific lineages.

Neutrophils (Figure 14.2a)

Development and function
Neutrophils are the predominant white blood cells involved
in phagocytic killing of bacteria and certain fungi. They are

also referred to as polymorphonuclear or segmented leucocytes,
owing to their characteristic lobulated nucleus (their nucleus is
segmented into two to five lobes, connected by thin chromatin
strands). They represent the terminal stage of maturation (Fig-
ures 14.3 and 14.4) and are generally uniform in size (13 μm in
diameter), with pink cytoplasm and fine azurophilic granules.
The production of neutrophils involves the action of a variety of
growth factors, including granulocyte colony stimulating factor
(G-CSF), granulocyte macrophage CSF (GM-CSF), interleukin
3 (IL-3) and macrophage colony-stimulating factor (M-CSF).
Granulopoiesis is the process of terminal differentiation from

a pluripotent haemopoietic stem cell via a multipotent common
myeloid progenitor and bipotent granulocyte–macrophage pro-
genitor stage to a committed mature neutrophil. Granulocyte
differentiation depends on the coordinated expression of certain
transcription factors, including Pu.1, CCAAT enhancer-binding
protein (C/EBPα), C/EBPε and GFI1.
Neutrophils contain four types of granules that can be

identified by marker enzymes or proteins (Table 14.4). The
lysozyme-like azurophilic granules, otherwise known as pri-
mary granules, are present in promyelocytes and all further
stages of neutrophil differentiation and contain microbicidal
proteins and acid hydrolases (e.g. myeloperoxidase, defensins,
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(b)(a)

(e)(d)(c)

Figure 14.2 Morphology of phagocyte cell types: (a) neutrophil; (b) eosinophil; (c) basophil; (d) monocyte; (e) macrophage.

lysozyme) involved in oxidative and non-oxidative killing of
bacteria and fungi. Specific or secondary granules are smaller
than azurophilic granules and contain other distinct hydrolases,
as well as chemotactic, opsonic and adhesion protein recep-
tors. They release their contents into both phagocytic vesicles
and the extracellular medium. Haptoglobin has been identified
in specific granules of mature neutrophils. The release of hap-
toglobin from specific granules after neutrophil activation in
sites of inflammation would act to reduce local tissue injury

Figure 14.3 Stages of neutrophil maturation, showing a
myeloblast, a promyelocyte, several myelocytes and
metamyelocytes, a band cell and a segmented neutrophil.

and bacterial growth. Other granules, collectively known as ter-
tiary granules, include secretory vesicles, which contain alkaline
phosphatase, and gelatinase granules rich in gelatinase. Degran-
ulation of neutrophils begins with the onset of phagocytosis and
involves their translocation and fusion with phagocytic vacuoles
created by invagination of the plasma membrane. Degranula-
tion may also occur by reverse endocytosis as a result of the
action of complement, aggregated immunoglobulin or certain
cytokines.
Neutrophil clearance of infectious organisms is critical to

the immune response and neutrophil function is impaired
in the septic state. Peroxisome proliferator-activated receptor
(PPAR)-γ, a ligand-activated nuclear transcription factor, has
been shown to be constitutively expressed on isolated human
neutrophils and upregulated in the presence of inflammatory
cytokines. Inhibition of PPAR-γ activation has been shown to
restore in vitro neutrophil chemotaxis.
Neutrophils exist in one of three states: quiescent, activated

or primed. They circulate in the blood in the quiescent state and
react weakly to stimuli, thus limiting potential damage to vascu-
lar walls. Priming of neutrophils is a process that does not imme-
diately stimulate an effector response, but allows an exaggerated
response upon later stimulation. Three main types of agonists
are responsible for priming neutrophils, including chemo-
tactic inflammatory mediators, serum immunoglobulins and
complement opsonins, and inflammatory cytokines and growth
factors. Upon neutrophil activation, a significant increase in
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Figure 14.4 Neutrophil lifespan and stages
of maturation. Of every 100 nucleated cells
in the bone marrow, 2% are myeloblasts, 5%
promyelocytes, 12% myelocytes, 22%
metamyelocytes and bands, and 20%mature
neutrophils (i.e. about 60% developing
neutrophils). The times indicated for the
various compartments were obtained by
isotopic labelling techniques. The ordinate
shows the flux, and the abscissa the time, in
each compartment. The stepwise increase in
cell numbers through the dividing
compartments represents serial divisions.
Note that no mitoses occur after the
myelocyte stage.

oxygen consumption, termed the respiratory burst, occurs that
leads to the production of reactive oxygen species responsible
for microbial killing.
Neutrophils are the most numerous leucocytes, compris-

ing 65% of circulating phagocytes, with a normal range in
the peripheral blood of 1.5–7.7 × 109/L, please note that dif-
ferent ranges occur in different ethnic populations (see p.
256 and p. 854). The term ‘granulocyte’ refers to neutrophils,
eosinophils and basophils. Neutrophils are made in the bone
marrow at a rate of 1012 per day, and once released into the
circulation have a half-life of 6–8 hours. The largest propor-
tion of neutrophils are present within the marrow (reserve
pool), with circulating and tissue pools comprising smaller frac-
tions (Figure 14.4). The circulating pool itself consists of a
marginated pool of cells that are loosely adherent to the vas-
cular endothelium, and a freely circulating pool with the com-
partments in a constant state of dynamic equilibrium. Sev-
eral factors, including corticosteroids, exercise and infection,
can lead to an increase in the free circulating pool. Corticos-
teroids promote the release of neutrophils from the reserve
pool into the circulation and prevent migration from the blood
into the tissue pool. On the other hand, endotoxin and some
complement components (C5a) result in increased margina-
tion and a reduction in the circulatory pool (Figure 14.4).
The variations in neutrophil morphology are shown in Figure
14.5. These include (i) Barr body, a drumstick appendage to the
neutrophils in females; (ii) Pelger–Huët anomaly, with bilobed
nuclei; (iii) Alder–Reilly anomaly; (iv) May–Hegglin anomaly;
(v) toxic granulation; (vi) hypersegmented neutrophils and
(vii) Chédiak–Higashi syndrome.

Neutrophils undergo apoptosis within 24 hours of leaving the
bone marrow through either intrinsic or extrinsic mechanisms.
G-CSF plays an integral role in both the recruitment of neu-
trophils from the bone marrow and the inhibition of mature
neutrophil apoptosis. Calpains are calcium-dependent cysteine
proteases that activate proapoptotic factors such as Bax, and
inhibit antiapoptotic factors such as X-linked inhibitor of apop-
tosis (XIAP). G-CSF slows the influx of extracellular calcium
and thus downregulates calpain activity, resulting in inhibition
of caspase-3, the executioner of apoptosis. Neutrophil apop-
tosis is characterized by pyknocytosis and the loss of expres-
sion of L-selectin and CD16, and the increased expression
of CD11b/CD18. Certain drugs, cytokines and mediators of
inflammation can delay/inhibit apoptosis in neutrophils, includ-
ing glucocorticoids, G-CSF, GM-CSF, IL-3, IL-6, IL-15, endo-
toxin, TNF-α and IFN-γ.

Disorders of neutrophil function and number
Neutrophilia
Leucocytosis, or an increased white blood cell count, may be
due to either a primary (congenital or acquired) marrow dis-
order or secondary to a disease process not involving mar-
row, toxin or drug (Table 14.5). Neutrophil counts are high in
neonates and decrease to normal adult levels with ageing. Sec-
ondary leucocytosis not associated with leukaemia, but with a
very high white cell count (>50 × 109/L), is often referred to
as a ‘leukaemoid reaction’ and can be associated with the pres-
ence of Döhle bodies and toxic granulation within the cyto-
plasm (Figure 14.5), as well as with a ‘left shift’ (with the pres-
ence in blood of myelocytes, metamyelocytes and band forms)
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Table 14.4 Neutrophil granules and their contents.

Granule Azurophilic (primary) Specific (secondary) Gelatinase (tertiary) Secretory vesicles

Marker enzyme Myeloperoxidase Lactoferrin Gelatinase Alkaline phosphatase
Membrane CD63, granulophysin,

CD68, V-type
H+-ATPase

CD15, CD66, CD67,
CD11b/CD18,
cytochrome b,
fMLP-R,
fibronectin-R,
G-protein α-subunit,
laminin-R, NB-1
antigen, 19-kDa
protein, 155-kDa
protein, Rap-1, Rap-2,
SCAMP,
thrombospondin-R,
TNF-R,
urokinase-type
plasminogen
activator-R, VAMP-2,
vitronectin

CD11b/CD18,
cytochrome b,
diacylglycerol-
deacylating enzyme,
fMLP-R, SCAMP,
urokinase-type
plasminogen
activator-R, VAMP-2,
V-type H+-ATPase

CD10, CD13, CD45,
CD14, CD16, CD35
(CR1), CD11b/CD18,
alkaline phosphatase,
fMLP-R, SCAMP,
urokinase-type
plasminogen
activator-R, V-type
H+-ATPase, VAMP-2,
C1q-receptor, decay
activating factor

Matrix,
microbicidal

Myeloperoxidase, nitric
oxide synthase,
lysozyme, BPI protein,
defensins, serpocidins,
elastase, cathepsins,
proteinase 3, azurocidin
(CAP 37)

Lactoferrin, lysozyme Lysozyme

Matrix,
hydrolases

Acid
β-glycerophosphatase,
α-mannosidase,
β-glucuronidase,
β-glycerophosphatase,
N-acetyl-β-
glucosaminidase,
sialidase

Gelatinase, collagenase,
histaminase,
heparanase, NGAL,
sialidase

Gelatinase,
acetyltransferase

Matrix, other Acid-mucopolysaccharide,
heparin-binding protein

β2-Microglobulin,
urokinase-type
plasminogen
activator, vitamin
B12-binding protein

β2-Microglobulin, Plasma proteins
(including
tetranectin)

fMLP, f-Met-Leu-Phe; R, receptor; SCAMP, secretory carrier membrane protein; VAMP, vesicle-associated membrane protein.

and an elevated leucocyte alkaline phosphatase score (compared
with a low score in chronic myeloid leukaemia). In contrast with
acute leukaemia, there is orderly maturation and proliferation
of all normal myeloid elements in the bone marrow. Leukae-
moid reactions have been described in patients with osteomyeli-
tis, empyema, septicaemia, tuberculosis, Hodgkin disease, juve-
nile rheumatoid arthritis and dermatitis herpetiformis.
Leucocyte adhesion deficiency (LAD) is a congenital disorder

that presents with persistent leucocytosis, delayed separation of

the umbilical cord, recurrent infections, impaired wound heal-
ing and defects of neutrophil activation. The condition is caused
by defects in adhesion of neutrophils to blood vessel walls. As
a result, phagocytes do not migrate from the bloodstream to
sites of infection. Two types of LAD have been described. In
LAD type I, mutations of the gene encoding the β-subunit of
the β2 integrins (CD11b and CD18) have been detected. The
molecular basis for the rare LAD type II is defective glycosyla-
tion of ligands on leucocytes recognized by the selectin family of
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(a) (b)

(c) (d)

Figure 14.5 Variations in neutrophil morphology. (a) Barr body, a drumstick appendage to the nucleus. (b) Pelger–Huët anomaly with a
bilobed nucleus. (c) Alder–Reilly anomaly with prominent purple granules (also in monocytes and lymphocytes).
(d) May–Hegglin anomaly with Döhle bodies in the cytoplasm. (Continued)

adhesion molecules. The clinical features in the two types are
similar, and because of the defect in neutrophil migration,
abscesses and other sites of infection are devoid of pus, despite
the striking neutrophilia. Treatment involves the use of prophy-
lactic antibiotics and aggressive therapy of periodontal disease.
Allogeneic stem cell transplantation from a matched related
donor or an unrelated cord blood has resulted in outstanding
outcomes with sufficient mixed chimerism to prevent recurrent
infections.
Chronic idiopathic neutrophilia is an association of a chron-

ically elevated neutrophil count (in the range 11–40 × 109/L) in
healthy individuals without any associated clinical problems.
The neutrophilia in Down syndrome is transient, but may

be exaggerated in response to stress. The transient myelopro-
liferative disorder, or ‘transient leukaemia’, can be seen in up
to 10% of children born with Down syndrome and is charac-
terized by clonal proliferation of myeloid blasts that is asymp-
tomatic and self-limiting in most cases. Approximately 20%
of neonates with Down syndrome will develop an aggressive

form of acute myeloid leukaemia (mostly FAB M7-like) requir-
ing intensive chemotherapy. Varying degrees of leucocytosis
characterizes chronic myeloid leukaemia (CML), which is a
myeloproliferative neoplasm expressing the Philadelphia chro-
mosome or the BCR–ABL1 fusion gene. Other myeloprolifer-
ative neoplasms that are characterized by isolated leucocytosis
include chronic neutrophilic leukaemia and an atypical form of
chronic myeloid leukaemia (BCR-ABL1 negative), which have
been shown recently to be associated with autoactivating muta-
tions in the receptor for GCSF (CSF3R) in 89% and 40% of
patients, respectively.
Familial cold urticaria and leucocytosis is a syndrome of fever,

urticaria, and muscle and skin tenderness on exposure to cold
that appears to be dominantly inherited. The onset of the dis-
ease is in infancy, with urticaria, rash and leucocytosis generally
occurring several hours after cold exposure. The skin rash is his-
tologically characterized by intense infiltration by neutrophils.
Non-malignant causes of neutrophilia include acute infec-

tions, with elevated counts in most bacterial infections. In
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(e) (f)

(g)

Figure 14.5 (Continued) (e) Toxic granulation. (f) Neutrophil with nuclear hypersegmentation and a normal neutrophil.
(g) Chédiak–Higashi syndrome with giant granules.

response to overwhelming infection, marrow depletion of leu-
cocytes can occur, resulting in neutropenia rather than neu-
trophilia. Neutrophilia in response to chronic inflammatory
processes is usually more modest in degree and can be accom-
panied by monocytosis. Modest elevations of neutrophil counts
are commonly seen in various forms of ‘stress’, such as exer-
cise, adrenaline injection, myocardial infarction, in the postop-
erative period, in postictal states and with emotional distress.
This is probably due to the migration of neutrophils from the
marginated pool to the circulatory pool. Mild neutrophilia has
also been reported with unipolar depression. A number of drugs
and drug reactions are commonly associated with increased
neutrophil counts. Steroids stimulate the release of neutrophils
from the bone marrow and diminish their egress from the cir-
culation, resulting in chronic neutrophilia. This can be distin-
guished from neutrophilia due to infection by the distinct lack
of band forms in the former. The β-agonists produce an acute
neutrophilia by releasing neutrophils from the marginated pool.
Other drugs known to produce neutrophil leucocytosis include
lithium, which increases the production of CSF and potentiates

its effects on myeloid colony formation, and tetracycline, which
have been associated with counts as high as 80 × 109/L.

Neutropenia
Neutropenia can be due to impaired production by the bone
marrow, a shift from the circulating pool to marginated pool,
increased peripheral destruction or a combination of these
(Table 14.6). It has been defined as an absolute neutrophil count
(ANC) of more than two standard deviations below a normal
mean value. There is variation of neutrophil counts among dif-
ferent ethnic groups, with people of African origin generally
having slightly lower counts (lower limit of normal 1.2 × 109/L)
compared with Caucasians (lower limit of normal 1.5 × 109/L).
The lower count in African populations has been attributed to
a relative decrease in the size of the marrow storage pool. In
patients whose neutropenia is related to decreased production,
the propensity to develop infections is directly related to the
degree and duration of neutropenia (see also p. 854).
On the other hand, in patients whose neutropenia is due to

peripheral destruction or margination of neutrophils, there is
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Table 14.5 Causes of neutrophilia.

Primary
Hereditary
Chronic idiopathic
Familial myeloproliferative disease
Leukaemoid reaction associated with congenital anomalies
Leucocyte adhesion deficiency (LAD) types I and II
Familial cold urticaria and leucocytosis

Secondary
Infection
Stress
Chronic inflammation
Drugs (steroids, lithium, tetracycline)
Non-haematological neoplasms
Asplenia and hyposplenism

Neoplastic
Chronic myeloid leukaemia
Other myeloproliferative neoplasms (myelofibrosis,
polycythaemia vera, essential thrombocythaemia, chronic
neutrophilic leukaemia, atypical CML)

no direct correlation between the degree of neutropenia and
the propensity for infections. Neutropenia due to marrow fail-
ure or associated with chemotherapy can predispose patients to
severe life-threatening infections, although this is more likely
in patients with neutrophil counts below 0.5 × 109/L. Com-
mon organisms encountered in this setting are Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli and Kleb-
siella species. On the other hand, patients with some congen-
ital or immune forms of neutropenia can tolerate low counts
for prolonged periods without any apparent increase in the inci-
dence of infections. Moderate asymptomatic neutropenia asso-
ciated with specific ethnic groups such as African-Americans
and Yemenite Jews is associated with a dominant inheritance
pattern and requires no specific intervention.
Drug-induced neutropenia is probably the most common

cause of isolated neutropenia. A thorough evaluation of the
medication history of a patientwith neutropenia is important for
excluding drugs as the inciting factor. Usually the mechanisms
involve suppression of bone marrow activity or are immunolog-
ical in nature. The neutropenia commonly develops 1–2 weeks
after initiation of the drug and resolves soon after discontin-
uation of the offending agent. The use of cytotoxic agents in
cancer therapy is frequently associated with the development of
neutropenia. Other potential causes of neutropenia are listed in
Table 14.6.
Several well-defined inherited syndromes associated with

neutropenia have been described and are worth mentioning.
Severe congenital neutropenia (SCN) is a multigene hetero-

geneous group of disorders characterized by severe neutrope-
nia at birth (ANC < 0.5 × 109/L) and maturation arrest at the

Table 14.6 Causes of neutropenia.

Decreased production
Inherited
Reticular dysgenesis
Dyskeratosis congenita
Schwachman–Diamond–Oski syndrome
Cyclic neutropenia
Kostmann syndrome
Hyper-IgM syndrome
Chronic idiopathic neutropenia

Acquired
Aplastic anaemia
Bone marrow infiltration (leukaemia, lymphoma, tumours,
tuberculosis, etc.)

Severe infection
Drug induced (cytotoxic chemotherapy, radiation,
chloramphenicol, penicillins, cephalosporins, phenothiazine,
phenylbutazone, gold, antithyroid drugs, quinidine,
anticonvulsants, hydrochlorothiazide, bumetanide, alcohol)

Myelodysplastic syndrome
Vitamin B12 or folate deficiency
Pure white cell aplasia
T-γ lymphocytosis and neutropenia
Neutropenia associated with metabolic disorders
Acute leukaemia

Increased peripheral destruction
Hypersplenism
Immune mediated
Drug induced
Associated with collagen vascular disease (Felty syndrome,
systemic lupus erythematosus)

Complement mediated (haemodialysis, cardiopulmonary bypass)

Altered distribution
Drugs
Stress

developmental stage of the promyelocyte/myelocyte. Kostmann
syndrome is an autosomal recessive form involving mutations
of the HAX1 gene encoding a mitochondrial-associated pro-
tein with structural similarity to other antiapoptotic BCL-2 fam-
ily members. Autosomal dominant and sporadic cases are more
closely linked to gene mutations of ELA2, which codes for neu-
trophil elastase 2. Less common mutations in genes encoding
p14, G6PC3, GFI1, CSF3R, TAZ and WASP have all been doc-
umented in SCN. SCN is usually diagnosed in infancy in the
setting of recurrent severe infections. Monocytosis, eosinophilia
and hypergammaglobulinaemia are often present. Myelopoiesis
is blocked and the increased number of promyelocytes found in
the bone marrow are characterized by atypical nuclei and cyto-
plasmic vacuolization. SCN associated with HAX1 and ELA2
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has an increased risk of leukaemic transformation that is not
observed in cases of SCN linked to the other gene mutations.
Importantly, the risk of developing infection is independent of
the underlying genetic defect and can be correlated to the ANC
nadir. First-line treatment of infections in such patients is antibi-
otics with G-CSF. G-CSF is the cornerstone of therapy in reduc-
ing the infectious risk. Stem cell transplantation offers the poten-
tial of cure for those who do not respond to antibiotics and
G-CSF. The Severe Chronic Neutropenia International Registry
has identified a group of patients with SCN who were less
responsive to G-CSF in achieving and maintaining an adequate
ANC; these patients have a cumulative incidence of develop-
ing MDS/AML or dying of sepsis at 10 years of 40% and 14%,
respectively. These patients should be considered for haemopoi-
etic stem cell transplantation earlier in life. The leukemic trans-
formation is associated with the acquisition of mutations in the
receptor for CSF3R. These mutations are primarily nonsense
autoactivating mutations, causing the truncation of approxi-
mately 100 amino acids of the cytoplasmic domain of the recep-
tor. The time between the initial detection of CSF3R mutations
and the diagnosis of MDS/AML varies between several months
to up to more than 10 years.
Cyclic neutropenia is a rare autosomal dominant disor-

der with variable expression that is characterized by repeti-
tive episodes of fever, pharyngitis, stomatitis and other bacterial
infections attributable to recurrent severe neutropenia occur-
ring every 15–35 days. The nadir neutrophil count, usually
between zero and 200 × 109/L, lasts 3–7 days and is frequently
associated with monocytosis. Cycling of red cell and platelet
production is also observed in some cases. The bone marrow
is characterized by transient arrest at the promyelocyte stage
before each cycle. Both childhood and adult onset have been
reported. Recent studies have shown that autosomal dominant
and sporadic cases of this disease are due to amutation in ELA2,
located on chromosome 19p13.3. This enzyme is synthesized in
neutrophil precursors early in the process of primary granule
formation. This disorder is effectively treated with G-CSF, and
transformation to AML or MDS has not been observed in these
patients, with or without G-CSF therapy.
Schwachman–Diamond–Oski syndrome is an autosomal

recessive disorder characterized by exocrine pancreas insuffi-
ciency, metaphyseal dysostosis and bone marrow dysfunction
(see Chapter 10). Reticular dysgenesis is associated with neu-
tropenia, lymphoid hypoplasia, and thymic hypoplasia with
normal erythropoiesis and megakaryopoiesis. Patients have a
hypoplastic marrow and low levels of IgM and IgG and die from
overwhelming infections usually in early infancy. Dyskerato-
sis congenita is a rare disease characterized by abnormal skin
pigmentation, nail dystrophy and mucosal leucoplakia. More
than 80% of the affected individuals develop bone marrow fail-
ure, which is the major cause of death. The disorder is caused
by defective telomere maintenance in stem cells. The major
X-linked form of the disease is due to mutations in the DKC1

gene located at Xq28 and coding for dyskerin, a nucleolar pro-
tein (see Chapter 10). Neutropenia has been seen with immuno-
logical abnormalities such as hyper-IgM syndrome andX-linked
agammaglobulinaemia. Hyper-IgM syndrome is an X-linked
disorder characterized by lymphoid hyperplasia, low concentra-
tions of IgG and IgA but high concentration of IgM, and severe
neutropenia. A genetic defect in the T-cell CD40 ligand has been
implicated as the cause of the disease. Patients commonly die of
overwhelming infections by the age of 5 years unless treatedwith
intravenous immunoglobulin and long-term G-CSF.
Chronic benign neutropenia, chronic idiopathic neutrope-

nia and autoimmune neutropenia possess very similar lab-
oratory findings and differ only with regard to age of onset
and association with other immune disorders. Chronic benign
neutropenia commonly presents in older children or young
adults. Patients are usually asymptomatic and have neutrophil
counts in the range 0.2–0.5 × 109/L. Bone marrow examina-
tion is commonly normocellular or occasionally moderately
hypocellular. They usually have a peripheral monocytosis and
often a benign course, although occasional cases progressing to
acute leukaemia have been reported. Antineutrophil antibodies,
detected in some patients, are not commonly present, but anti-
bodies to the progenitor cells or other precursors may be the
inciting factor in these patients. As these patients generally have
a benign course, treatment to increase neutrophil counts should
be reserved for those who have recurrent infections. Corticos-
teroids, splenectomy, cytotoxic agents and G-CSF have all been
used successfully in this setting. Chronic benign neutropenia of
infancy and childhood is probably a related disease, with the
majority of patients presenting during the first year of life.
Infants of hypertensive mothers also commonly have moder-

ate to severe neutropenia lasting for several days. This is prob-
ably related to bone marrow suppression. Moderate to severe
neutropenia can also occur in newborn infants as a result of the
transfer of maternal IgG anti-neutrophil antibodies in a manner
similar to rhesus haemolytic disease of the newborn. This isoim-
mune neutropenia develops antenatally and is due to maternal
production of antibodies against antigens on fetal neutrophils.
Pure white cell aplasia is a rare condition associated with

recurrent pyogenic infections and with thymoma in 70% of the
affected patients. There is almost complete absence of myeloid
precursors without any abnormality of erythroid or megakary-
ocytic precursors in the marrow. In the majority of patients,
the marrow inhibitory activity is in the IgG and IgM fractions
of serum, but in some the inhibition is due to the lympho-
cytes. The immunoglobulin is directed against progenitor cells
or myeloid precursors. The disorder has been associated with
therapy with ibuprofen, certain natural remedies and chlor-
propamide. If associated with thymoma, surgical removal of the
thymus gland can partially correct the neutropenia. Other treat-
ment options include corticosteroids, ciclosporin, cyclophos-
phamide, intravenous immunoglobulin and allogeneic stem cell
transplantation.
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Inhibition of granulopoiesis by suppressor or cytotoxic T lym-
phocytes can occur in patients with collagen vascular disor-
ders, as well as in patients with T-γ lymphocytosis. Patients
with T-γ lymphocytosis commonly present with recurrent infec-
tions at a median age of 55 years. There is clonal proliferation
of either CD3+/CD56+ T cells or CD3−/CD56+ natural killer
(NK) cells. The characteristic findings include peripheral blood
lymphocytosis, with most lymphocytes being large granular
lymphocytes. Patientsmay also have lymphadenopathy and hep-
atosplenomegaly; the bone marrow is commonly normocellu-
lar with increased lymphocytes and arrested myelopoiesis at the
myelocyte stage. Patients with the CD3+ subset of the disease
most commonly have an indolent course, althoughmost patients
need treatment for recurrent episodes of life-threatening infec-
tions. G-CSF therapy is used in managing acute infections and
methotrexate, prednisolone, cyclophosphamide or ciclosporin
can be effective in improving neutrophil counts for sustained
periods. In contrast, the CD3−/CD56+ NK-cell disorders are
clinically aggressive, occurring in younger individuals and are
associated with a rapidly progressive course unresponsive to
combination chemotherapy.
Neutropenia is also associated with collagen vascular dis-

eases such as systemic lupus erythematosus (SLE) and with
rheumatoid arthritis. IgG or IgM antibodies may be directed
against mature neutrophils or their precursors. Target anti-
gens for antineutrophil antibodies have been identified for both
Felty syndrome and SLE. In Felty syndrome, severe neutropenia

is associated with rheumatoid arthritis, splenomegaly and
leg ulcers. Therapy for neutropenia with methotrexate and
ciclosporin has been attempted with variable success. The effi-
cacy of both GM-CSF and G-CSF in reversing neutropenia and
decreasing the risk of infections in Felty syndrome and SLE has
been well documented.
Neutrophil counts between 0.1 and 0.45 × 109/L are seen

in WHIM syndrome, a rare disorder characterized by warts,
hypogammaglobulinaemia, infections and myelokathexis. The
bone marrow is usually hypercellular with normal-appearing
early myeloid forms and abnormal metamyelocytes, bands and
mature neutrophils with diploid and tetraploid nuclei. Auto-
somal dominant inheritance of a CXC-chemokine receptor
(CXCR)4 mutation is associated with WHIM syndrome and
leads to impaired receptor downregulation. The overexpression
of CXCR4 by leucocytes in WHIM leads to impaired egress of
mature neutrophils from the bone marrow and resultant neu-
tropenia. Decreased expression of BCL-X in myeloid precursors
is also a feature of WHIM and is associated with an increased
rate of apoptosis. G-CSF can be used to improve the neutrope-
nia in WHIM syndrome.

Disorders of neutrophil function
A number of congenital and acquired conditions with abnormal
neutrophil morphology (see Figure 14.2a) and/or function have
been recognized (Table 14.7). Some of these are associated with
abnormal neutrophil numbers and have been discussed earlier.

Table 14.7 Disorders of neutrophil morphology and/or function.

Functional defect Congenital Acquired

Minimal Hereditary neutrophil hypersegmentation (AD) Megaloblastic hypersegmentation
Pelger–Huët anomaly (AD) Mucopolysaccharidoses
Alder–Reilly anomaly (AR)
May–Hegglin anomaly (AD)
Myeloperoxidase deficiency (AR)

Adherence/migration Leucocyte adhesion deficiency (AR) Renal failure
Neutrophil-specific granule deficiency (AR) Diabetes
Schwachman syndrome (?AR) Neonates
Hyper-IgE syndrome Malnutrition
Job syndrome (AR) Leukaemia
Familial Mediterranean fever (AR)

Phagocytic killing Chronic granulomatous disease Malnutrition
Papillon–Lefevre syndrome (AR) Vitamin E deficiency

Severe iron deficiency
Neonates
Diabetes
Viral infections
Sickle cell disease

AD, autosomal dominant; AR, autosomal recessive.
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Chédiak–Higashi syndrome
Chédiak–Higashi syndrome is a rare autosomal recessive dis-
order characterized by oculocutaneous albinism, recurrent and
severe bacterial infections, giant blue-grey granules in the cyto-
plasm of white blood cells (see Figure 14.5g), a mild bleeding
diathesis, progressive peripheral neuropathy and cranial nerve
abnormalities. Morbidity results from patients succumbing to
frequent bacterial infections or to an ‘accelerated phase’, a pro-
gressive lymphoproliferative syndrome.
Chédiak–Higashi syndrome neutrophils also have a defi-

ciency of antimicrobial proteins as well as disordered degran-
ulation and chemotaxis. Dysfunction of other elements of the
immune system, such as cytotoxic T lymphocytes and NK cells,
contribute to the propensity for infection and the development
of the accelerated phase of the disease. Mutations in the lysoso-
mal trafficking regulator gene, LYST, located on chromosome
1q42.1–q42.2, have been implicated as the cause of this disease.
At present, treatment for the disorder is allogeneic stem cell
transplantation.

Chronic granulomatous disease
Chronic granulomatous disease (CGD) is an inherited disease
characterized by severe and recurrent purulent bacterial and
fungal infections, including pneumonia, lymphadenitis, hepatic
abscesses and osteomyelitis. The majority of patients present
in the first year of life with infections with catalase-positive
organisms. Phagocytic cells of CGD patients have a defect in
the phagosomal and plasmamembrane-associatedNADPHoxi-
dase, resulting in impaired superoxide formation necessary for
efficient bacterial and fungal killing. In addition, a failure to
switch off the inflammatory response leads to the formation of
granulomas, the distinctive hallmark of the disorder. All the sub-
types of X-linked CGD are caused by mutations in the gene
for the gp91-phox subunit of cytochrome b (CYBB) located at
Xp21.1. There is significant heterogeneity in the mutations in
the gene, with most being family specific. This accounts for the
clinical heterogeneity seen in X-linked CGD. In about 30% of
patients, this disorder is transmitted in autosomal recessive fash-
ion. Other mutations have been described in this form of the
disease (p47-phox, p22-phox, p67-phox and p40-phox).
The incidence of CGD is 1 in 200,000 to 1 in 250,000 live

births and the diagnosis is suggested by failure of neutrophils
to reduce nitroblue tetrazolium (NBT slide test). The diagno-
sis can be further established by directly measuring respira-
tory burst activity as oxygen consumption, oxygen production
or H2O2 production. Severe deficiency of glucose-6-phosphate
dehydrogenase (G6PD) in neutrophils, is a rare X-linked dis-
order, which can result in a greatly attenuated respiratory burst
and a condition resembling CGD. Therapy involves prevention
and early treatment of infections, aggressive parenteral antibi-
otic therapy for established infections, and use of prophylac-
tic trimethoprim–sulfamethoxazole. In a prospective multicen-
tre trial of CGD patients, recombinant human IFN-γ has been

shown to augment host defence. Haemopoietic stem cell trans-
plantation is a valid therapeutic option for children with severe
manifestations of CGD. In a prospective multicenter study 56
patients withmedian age of 12.7 years who had high-risk disease
underwent reduced-intensity conditioning allogeneic stem cell
transplant from related and unrelated donors. The 2 year prob-
ability of overall survival was 96% and event-free survival was
91%. Graft failure occurred in 5% of patients.

Myeloperoxidase deficiency
Myeloperoxidase (MPO) deficiency is the most common inher-
ited disorder of phagocytes and is inherited in an autoso-
mal recessive manner. The gene encoding MPO is located at
17q21.3–q23, near the breakpoint of the translocation in acute
promyelocytic leukaemia. Despite the key role of MPO in the
microbicidal function of neutrophils, persons with MPO defi-
ciency lack any clinical symptoms except for a higher incidence
of fungal infections in which case aggressive antifungal therapy
is indicated. In most cases of MPO deficiency therapy is not
required.

Neutrophil specific granule deficiency
Specific granule deficiency is a rare congenital disorder char-
acterized by recurrent bacterial and fungal infections of skin
and lungs. The inheritance is autosomal recessive and although
the precise molecular defect has not been elucidated, recent
data implicate functional loss of themyeloid transcription factor
CCAAT/enhancer-binding protein, C/EBPε, as important in the
development of specific granule deficiency. The neutrophils of
these patients display atypical bilobed nuclei, lack expression of
at least one primary and all secondary and tertiary granule pro-
teins, and possess defects in chemotaxis, disaggregation, recep-
tor upregulation and bactericidal activity.

Papillon–Lefevre syndrome
This is a rare autosomal recessive disorder characterized by pal-
moplantar keratoderma and early-onset peridontitis. Pyogenic
liver abscesses and recurrent skin infections are an increasingly
common complication. Consanguinity is common and patients
commonly present during the first 6 months of life, with early
progressive loss of both primary and secondary dentition. A
phagocytic defect in microbicidal activity and degradation of
ingested material is thought to be present. This is attributed to
loss-of-function mutations of the CTSC gene located on chro-
mosome 11q14.2, which encodes the protease cathepsin C. A
total of 75 different disease-causing mutations have been pub-
lished. More than 300 cases have been reported worldwide.

Eosinophils (Figure 14.2b)

Development and function
Eosinophils, which account for 5–10% of leucocytes
(0.2 × 109/L), are similar to neutrophils morphologically, except
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for the presence of a bilobed nucleus and numerous bright-
orange cytoplasmic granules. There are three distinct granule
populations: the round, uniformly electron-dense primary
granules present mainly in the eosinophilic promyelocyte/
myelocyte stages; secondary or specific granules; and the less
well-characterized small granules (Table 14.8).
Primary granules contain eosinophil peroxidase and

Charcot–Leyden crystal protein. The eosinophil peroxidase
is distinct from neutrophil MPO and can mediate damage
to microorganisms, and tissues and bronchoconstriction in
asthma. The large specific granules contain the eosinophil’s
cytotoxic and proinflammatory proteins and account for more
than 95% of granules in the mature eosinophils, conferring
the characteristic appearance of the cell. Eosinophil granules
contain a number of enzymes similar to those found in the
lysosomes of the neutrophil, but eosinophils lack lysozyme.
Different cationic polypeptides are the major constituents of
eosinophil granules and include major basic protein (MBP),

eosinophil cationic proteins (ECP) and eosinophil-derived
neurotoxin (EDN). MBP is toxic to cells, including parasites
and mammalian epithelial cells, and evokes release of mediators
from basophils and mast cells. Eosinophils have a significant
cytotoxic and proinflammatory function and play an important
part in the pathogenesis of a number of allergic, parasitic and
malignant disease processes.
Eosinophils are derived from bone marrow stem-cell-derived

myeloid progenitors in response to a number of T-cell-derived
cytokines and growth factors, including IL-3, GM-CSF and IL-
5. IL-5 is the most lineage-specific factor and plays an impor-
tant role in regulation of terminal differentiation and postmi-
totic activation of eosinophils. Therefore, IL-5 is a late-acting
cytokine that is both necessary and sufficient for eosinophil
development in vivo, a finding that has been confirmed by IL-5
transgenic and IL-5 knockout mice.
In normal individuals, eosinophils exist transiently in the cir-

culation and localize specifically to certain tissues and organs

Table 14.8 Contents of eosinophil granules.

Granule Protein content Comment

Primary granule
(Charcot–Leyden granule)

Charcot–Leyden crystal (CLC) protein Weak lysophospholipase,
carbohydrate-crystal
protein-containing binding
properties

Specific granule (secondary Eosinophil peroxidase
granule) Major basic protein (MBP) Toxic to parasites

Eosinophil cationic protein (ECP) Ribonuclease, bactericidal, toxic
to parasites

Eosinophil-derived neurotoxin (EDN) Ribonuclease, toxic to parasites
Eosinophil peroxidase (EPO) Antibacterial
Lysophospholipase
Acid phosphatase
Arylsulfatase B
Phospholipase A2 (secretory) Antibacterial
BPI protein LPS binding, antibacterial
NAMLAA Antibacterial
FAD
Catalase
Urokinase
CD63 Tetraspanin
Proteoglycan
α1-Antitrypsin

Small-type granule Arylsulfatase B Lysosomal hydrolase
Secretory vesicle Cytochrome b558 NADPH oxidase component

CR3 β2 integrin

BPI, bactericidal permeability-increasing protein; FAD, flavin adenine dinucleotide; LPS, lipopolysaccharide; NAMLAA,
N-acetylmuramyl-L-alanine amidase.
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exposed to the external environment. Eosinophils are recruited
in response to early- and late-phase components of immedi-
ate hypersensitivity reactions, as well as other immunologically
mediated reactions. Their activation and recruitment involves
the interaction of several adhesion pathways and chemotactic
agents, including the complement fragment C5a, PAF, IL-3, IL-5,
GM-CSF, IL-2, RANTES, eotaxins and the CD8+ T-cell-derived
lymphocyte chemoattractant factor (LCF).
The specificity and intensity of the microbicidal function of

eosinophils differ from those of other leucocytes. Themajor role
of eosinophils in host defence is the destruction of metazoan
parasites. Eosinophils readily degranulate in response to stim-
ulation by antigens, cytokines and complexed or secretory IgA,
IgE and IgG. Proteins released from eosinophils result in his-
tamine release from basophils and mast cells, and amplify the
inflammatory response. These proteins are also powerful tox-
ins towards host cells, leading to tissue injury. A further role of
eosinophils is tissue repair and remodelling through regulation
of the deposition of extracellular matrix proteins.

Disorders of eosinophils
Eosinophilia
Eosinophilia is considered as an absolute eosinophil count of
0.5 × 109/L or more. Blood and tissue eosinophilia can be
seen in a number of parasitic, neoplastic, collagen vascular
and allergic diseases (Table 14.9). Because of the varied causes
of eosinophilia, diagnostic evaluation should include complete
physical examination and history, routine chemistries, serum
IgE, vitamin B12 levels, HIV serology, stool ova and parasites,
electrocardiogram, echocardiogram, pulmonary function tests,
chest and abdominal computed tomography, and bone marrow
biopsy and aspirate.
In these disorders, a variety of abnormal stimuli lead to the

increased production and tissue localization of eosinophils.
When no underlying cause can be identified, the hyper-
eosinophilic syndrome (HES) may be present. Several reac-
tive pulmonary and cutaneous eosinophilic syndromes (e.g.
Churg–Strauss syndrome, Loeffler syndrome and eosinophilic
lymphofolliculosis or Kimura disease), as well as an
eosinophilia–myalgia syndrome have also been described.
Eosinophilia–myalgia syndrome is related to metabolites and
contaminants in the preparation of the drug L-tryptophan and
presents with peripheral blood eosinophilia, fatigue and severe
myalgias. HES is characterized by sustained eosinophilia of
30–70% of total leucocyte count (> 1.5 × 109/L) for longer than
6 months, absence of other underlying causes of eosinophilia
and evidence of organ dysfunction due to eosinophilic tissue
infiltration. Presenting features can include anorexia, weight
loss, fever, sweating, thromboembolic episodes, heart failure,
splenomegaly, and skin and central nervous system (CNS)
disease. Peripheral blood eosinophils have a variety of cellular
abnormalities, and bone marrow eosinophils are increased
(30–60%), but myeloblasts are usually not. It has been difficult

Table 14.9 Causes of eosinophilia.

Infections
Parasitic: helminthic (filariasis, strongyloidiasis, hydatid disease,
onchocerciasis, etc.), visceral larva migrans

Non-parasitic: coccidiomycosis, recovery from acute infections,
cat scratch disease, Cryptococcus

Allergic disease
Atopic diseases
Drug hypersensitivity
Bronchopulmonary aspergillosis

Pulmonary
Allergic bronchopulmonary aspergillosis
Eosinophilic pneumonia
Transient pulmonary infiltrates (Loeffler syndrome)
Prolonged pulmonary infiltrates with eosinophilia
Tropical pulmonary eosinophilia
Allergic granulomatosis (Churg–Strauss syndrome)

Cutaneous
Eosinophilic lymphofolliculosis (Kimura disease)
Bullous pemphigoid
Granulomatous dermatitis with eosinophilia (Wells disease)
Eosinophilic fasciitis (Shulman syndrome)
Atopic dermatitis
Urticaria and angioedema

Connective tissue disorder
Vasculitis
Serum sickness
Eosinophilic fasciitis

Immunological disorders
Wiskott–Aldrich syndrome
Selective IgA deficiency
Graft-versus-host disease

Neoplastic conditions
Eosinophilic leukaemia
Lymphoma (Hodgkin T cell)
Chronic myeloid leukaemia
Acute myeloid leukaemia, M4Eo
Some solid tumours

Miscellaneous
Eosinophilic myalgia syndrome
Toxic oil syndrome
Idiopathic hypereosinophilic syndrome

to assess the clonality of HES. Cases that are clonally derived,
as demonstrated by clonal karyotypic abnormalities and the
performance of restriction polymorphism analysis in females,
are now reclassified by theWHO (2008) as chronic eosinophilic
leukaemia.
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This clinically variable disorder has various subtypes, includ-
ing the myeloproliferative variant (10–50%) (this is now clas-
sified as chronic eosinophilic leukaemia; see also Chapter 26),
lymphoproliferative variant (5–50%), familial form, episodic
form and benign form. Patients with the myeloproliferative
variant of HES are characterized by male predominance, end-
organ damage, elevated serum tryptase, splenomegaly, anaemia,
thrombocytopenia and bone marrow myeloproliferation with
reticulin fibrosis. This variant was historically recognized as
unresponsive to steroid therapy, with a mortality greater than
50%, most commonly due to cardiac dysfunction from endomy-
ocardial fibrosis. The myeloproliferative variant is often associ-
ated with an interstitial deletion on chromosome 4q12, result-
ing in a FIP1L1–PDGFRA fusion gene. The protein product
of this fusion gene is a tyrosine kinase with enhanced activ-
ity and particular sensitivity to low-dose imatinib therapy, lead-
ing to durable complete haematological and cytogenetic remis-
sion. Even rarer cases with different haematological features are
due to rearrangement of PDGFRB or FGFR1 (see Chapter 26).
The lymphoproliferative variant of HES is a distinct clini-
cal syndrome characterized by hypereosinophilia occurring in
response to IL-5 production by a clonal CD3−CD4+CD8− acti-
vated T-cell population. Patients with this variant aremore likely
to have skin, gastrointestinal and pulmonary involvement and
less likely to have endomyocardial fibrosis and myelofibrosis.
Unique to this group of patients is the increased incidence of
progression to lymphoma. The other variants of HES are rare
and include a form with cyclic episodes of eosinophilia and
angio-oedema (also referred to as Gleich syndrome) and a rare
familial form with predominantly autosomal dominant trans-
mission and gene involvement at 5q31–33.
The goal of treatment in HES is to limit organ damage

by controlling the eosinophil count and, except for treatment
of FIP1L1–PDGFRA associated HES with tyrosine kinase
inhibitors, steroids remain the first-line therapy. In patients
who are refractory or intolerant to the side-effects of steroids,
cytotoxic agents such as hydroxycarbamide (hydroxyurea), vin-
cristine and cytarabine have beenused, aswell as immunomodu-
latory therapy with interferon α, and ciclosporin. Mepolizumab
is a humanized monoclonal antibody against free IL-5. Several
studies have demonstrated the benefit of mepolizumab for var-
ious forms of HES. Currently it is considered to be an inves-
tigational drug in the US and is available for compassionate
use for patients with life-threatening disease who failed other
therapies.

Basophils and mast cells (Figure 14.2c)

Development and function
The functions of basophils and mast cells are similar, but not
identical. They express the receptor that binds with high affin-
ity the Fc portion of IgE antibodies (FcεIR) and have large

metachromatic (purple-black) granules rich in histamine, sero-
tonin and leucotrienes. Basophils have a bilobed nucleus, in
contrast to mast cells, which have a unilobed nucleus. More
recent studies have demonstrated that despite their significant
similarities, basophils and mast cells are terminally differenti-
ated progeny of distinct bone marrow progenitors. Basophils
develop from haemopoietic stem cells, mature in the bone mar-
row and circulate in the blood, whereas mast cells mature in the
tissues. They both play significant roles in the development of a
number of allergic and inflammatory disorders, as well as host
defence mechanisms against parasites.
Mechanisms mediating the maturation of basophils and mast

cells differ. Mast cells are derived from CD34+, c-Kit-positive
progenitors and leave the marrow before their terminal mat-
uration and home to vascularized peripheral tissues where
they mature. The major growth and differentiation factor for
basophils is IL-3, whereas the growth and development of mast
cells requires the presence of SCF.
Basophils are the least abundant leucocytes, accounting for

less than 0.5% of bone marrow and peripheral blood leucocytes.
Basophils arise from a common basophil–eosinophil progeni-
tor cell, mature in the marrow over a period of 2–7 days and
after their release into the circulation persist for up to 2 weeks.
They are the key mediators of immediate hypersensitivity reac-
tions such as asthma, urticaria and anaphylaxis. In addition, they
have been implicated in the delayed cutaneous hypersensitiv-
ity reaction. Basophils are stimulated by a number of mediators,
such as IgE, IL-3, C5a, GM-CSF, insect venoms and morphine,
to release the contents of their granules such as histamine. Syn-
ergistic induction of both proinflammatory and immunoregu-
latory cytokines by IL-33-expressing resident tissue cells, IL-3-
expressing mast cells, Th2 lymphocytes and IgE receptor activa-
tion by allergen exposure may provide the mechanism by which
basophils are activated without the required involvement of the
adaptive immune system.
The interaction between IgE and basophil/mast cell FcεIR and

antigen bridging results in basophil degranulation and initiation
of their effects of granule contents. The granules of basophils
and mast cells contain sulfated glycosaminoglycans, responsi-
ble for their intense staining, as well as histamine, LTD4, PAF,
eosinophil chemotactic factor and kallikreins, responsible for
type I immediate hypersensitivity reactions and chronic inflam-
mation (Table 14.10). Histamine is derived from histidine by
decarboxylation and is stored as a complex with heparin or
chondroitin sulfate proteoglycans. The primary protease present
in mast cells, tryptase, is mainly released during the early phase
of allergic response and is a marker of mast cell activation in
chronic inflammatory diseases. Other neutral proteases such as
carboxypeptidase B, chymase and sulfatases are also released and
degrade extracellular matrix proteins. Basophil and mast cell
activation also leads to the elaboration of cytokines such as GM-
CSF, TNF-α, IFN-γ, IL-3, IL-4 and IL-5, which serve to amplify
the inflammatory response.
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Table 14.10 Basophil and mast cell granules, and their contents.

Component Function
Main physiological
role Other properties Cell specificity

Protein
Histamine Binds to H1, H2, H3

receptors
Hypersensitivity

reactions and
inflammation

Basophils, mast cells

Proteoglycan
Heparin Package of basic

proteins into
granules

Binds and stabilizes
proteases

Connective tissue
mast cells

Chondroitin sulfates Package of basic
proteins into
granules

Binds and stabilizes
proteases

Basophils

Enzymes
Chymase Inactivates bradykinin Affects

microcirculation
Connective tissue
mast cells

Activates angiotensin 1 Modulates
microcirculation

Activates precursor
IL-1β

Modulates skin
inflammation

Tryptase Cleaves C3 to C3a and
C3b

Proinflammatory,
stimulates
neutrophil
chemotaxis and
adherence

Tetrameric when
bound to heparin,
monomer inactive,
restricted substrate
specificity, raised
levels in mast cell
disorders

Mast cells

Activates
metalloproteinase 3,
inactivates
fibrinogen, degrades
calcitonin
gene-related peptide

Regulates collagenase,
attenuates fibrin
deposition

Cathepsin G-like
protease

Connective tissue
mast cell

Carboxypeptidase Inactivates bradykinin Affects
microcirculation

Connective tissue
mast cell

Other
Charcot–Leyden
crystal protein

Lysophospholipase Phospholipid
metabolism

Neutralizes
pulmonary
surfactant

Basophil

Major basic protein Disrupts membranes Basophil
Sulfatase
Exoglycosidase

Disorders of basophils and mast cells
High basophil numbers are commonly seen in patients with
myeloproliferative neoplasms, in particular CML. Basophil
number can be strikingly elevated in patients with CML,

accounting for over 20% of circulating leucocytes in the more
advanced stages of the disease (Chapter 24). In other myelo-
proliferative neoplasms, elevation of basophil numbers is usu-
ally more modest. Cases of AML with high levels of immature
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basophils have also been reported. Rarely, basophils may consti-
tute over 80% of circulating leucocytes, a condition sometimes
referred to as basophilic leukaemia. Other causes of basophilia
include ulcerative colitis, myxoedema, recovery from acute ill-
ness and drug allergies, although these conditions are usually
associated only with modest elevations of circulatory basophils.
As discussed earlier, SCF or c-Kit ligand is an important factor

in mast cell development. An increased number of tissue mast
cells can be seen in a number of disorders, including atopy, par-
asitic diseases, Hodgkin lymphoma and other lymphoprolifera-
tive disorders, certain neoplasms and rheumatoid arthritis.
Several conditions, ranging from isolated cutaneousmastocy-

tomas tomast cell leukaemia, are associatedwithmast cell prolif-
eration. Solitary mastocytomas generally regress spontaneously.
The more common cutaneous mastocytosis or urticaria pig-
mentosa typically presents with multiple, small, round, reddish-
brown maculopapular lesions that, when subjected to minimal
trauma, lead to intense pruritus. In some patients, this disease
progresses to the systemic variety, with involvement of bone
marrow, spleen, liver and the gastrointestinal tract. Systemic
mastocytosis can also occur without prior or concurrent cuta-
neous disease, and in association with haematological disorders,
including leukaemias and lymphomas. Organ dysfunction may
be secondary to the release of biochemical mediators by mast
cells, such as peptic ulcer disease secondary to histamine release.
Mast cell leukaemia, a rare condition, presents with circulating
mast cells of abnormalmorphology (accounting for up to 95% of
circulating nucleated cells), peptic ulcer disease, constitutional
symptoms, anaemia and hepatosplenomegaly. It should be dis-
tinguished from AML, which can develop in association with
systemic mastocytosis.
Management of patients within all categories of mastocyto-

sis includes careful counselling of patients and care providers,
avoidance of factors triggering acute mediator release, treat-
ment of acute and chronic mast cell mediator release, an attempt
to treat organ infiltration by mast cells, and treatment of any
associated non-mast-cell haematological disorder. The agents
and modalities commonly used in treating patients with mas-
tocytosis include histamine H2-receptor blockers, adrenaline,
steroids, cromolyn sodium, proton pump inhibitors, psoralen
with ultraviolet light (PUVA), chemotherapy, radiation, inter-
feron α, ciclosporin, 2-chlorodeoxyadenosine and splenectomy.
With increased availability of small-molecular-weight inhibitors
of intracellular signalling pathways, targeting of the constitu-
tively active mutated c-kit has attracted more attention. Two
classes of constitutive activating c-kit mutations have been
reported. The more frequent mutation occurs in the catalytic
pocket coding region, with substitutions at codon 816, and the
other in the intracellular juxtamembrane coding region. Unlike
in other disorders with c-kit mutation, imatinib therapy is not
effective. Therefore, kinase inhibitors that block mutated c-kit
activity are being evaluated as therapeutic agents in systemic
mastocytosis.

Monocytes and macrophages (Figure 14.2d,e)

Themononuclear phagocyte systemhas been defined as a family
of cells comprising bone marrow progenitors, blood monocytes
and tissue macrophages. Monocytes originate from a pluripo-
tent haemopoietic stem cell that commits to hematopoietic pro-
genitor cells termed CFU-GEMM (colony-forming unit – gran-
ulocyte, erythrocyte, monocyte, megakaryocyte) and the more
committed CFU-GM (granulocyte, monocyte). The progeni-
tor cells can commit to both the neutrophil and monocytic
pathways. Cytokines and growth factors, such as GM-CSF and
IL-3, allow commitment along monocytic pathways. Monocyte
colony-stimulating factor, also known as colony-stimulating
factor (CSF)-1, is the most important factor in the develop-
ment of monocytes and macrophages, and is necessary, but
not sufficient, for their activation. Macrophages stimulated by
macrophage colony-stimulating factor can also clear apoptotic
cells by macropinocytosis.
Following their release into the circulation,monocytes rapidly

partition between the marginating and circulating pools. The
circulating monocytes have a highly convoluted surface and
a lobulated nucleus. They can be further characterized by
non-specific esterase staining and contain a folded, multi-
lobulated nucleus. After migration into tissues, they become
larger and acquire the characteristics of tissue macrophages.
Monocytes contain lysosomal hydrolases and the intracellular
enzymes elastase and cathepsin. After transformation into tis-
sue macrophages they produce predominantly metalloproteases
and metalloprotease inhibitors, lose expression of hydrolases,
and express macrophage-specific genes and products such as
inducible NOS and IFN-γ. Tissue macrophages are long-lived
and self-sustaining cells.
Kupffer cells, phagocytic cells residing within the lumen

of hepatic sinusoids, represent up to 90% of fixed tissue
macrophages and are the first phagocytes to encounter bacte-
ria originating from the colon. Kupffer cells are also implicated
in the removal of neutrophils after the clearance of an organism,
downmodulating the inflammatory response and abrogating the
tissue destruction sometimes seen in overwhelming sepsis.
Macrophage activating factor, identified as IFN-γ, as well

as IL-2, IL-4, macrophage colony-stimulating factor and GM-
CSF are either directly or indirectly, through IFN-γ, respon-
sible for macrophage activation. They stimulate mono-
cyte/macrophage proliferation, increase adhesion receptor
expression and stimulate the production of proteolytic agents
responsible for pathogen clearance. The hypothalamic–
pituitary–adrenal axis and autonomic nervous system commu-
nicate with the inflammatory system via catecholamine-induced
activation of macrophage NF-κB and subsequent release of
macrophage-derived proinflammatory cytokines.
Although production of IFN-γ by Th1 cells results in a cyto-

cidal macrophage state, IL-4 and IL-13 produced by the Th2
population of T lymphocytes stimulate the antigen-presenting
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Table 14.11 Causes of monocytosis.

Inflammatory conditions
Infections
Tuberculosis
Bacterial endocarditis
Fever of unknown origin
Syphilis

Other
Systemic lupus erythematosus
Rheumatoid arthritis
Temporal arteritis
Polyarteritis
Ulcerative colitis
Sarcoidosis
Myositis

Malignant disorders
Acute myeloid leukaemia
Hodgkin lymphoma
Non-Hodgkin lymphomas
Histiocytoses
Carcinomas
Myelodysplastic syndrome

Miscellaneous
Cyclic neutropenia
Chronic idiopathic neutropenia
Kostmann syndrome
Post splenectomy

cell state. These cytokines then enhancemacrophage stimulation
of T cells by inducing class II MHC antigen and costimulatory
molecule expression. Activated macrophages, in turn, produce
cytokines that stimulate both types of helper T cells.
Several cytokines, including IL-4, IL-10, IL-13 and TGF-β,

can inhibit different aspects of macrophage function. Further-
more, prostaglandin (PG)E2, elaborated bymacrophages, as well
as corticosteroids can suppress various actions of macrophages.
These provide a feedback mechanism for control of the immune
response.

Disorders of monocyte/macrophages
Monocytosis and monocytopenia
Chronic inflammatory conditions, both infectious and immune
in nature, are associated with monocytosis (Table 14.11). These
include tuberculosis, bacterial endocarditis, syphilis, collagen
vascular disease, sarcoidosis and ulcerative colitis. Monocyto-
sis is also commonly seen in a number of haematological malig-
nancies such as AML, Hodgkin lymphoma, non-Hodgkin lym-
phoma and histiocytosis. A decreased number of circulating

monocytes has been reportedwith endotoxaemia, corticosteroid
administration and hairy cell leukaemia.

Histiocytic disorders
Dendritic cells originate in the bone marrow and share a com-
mon progenitor with macrophages. Precursors of dendritic cells
are released from the bone marrow and enter tissues in which
they differentiate into functional antigen-presenting dendritic
cells. Tissue-based dendritic cells comprising the dendritic cell
system lack phagocytic capacity or Fc receptors and are pre-
dominantly antigen-presenting cells. The dendritic Langerhans
cells are found in virtually all tissues except the brain and
are the major immunological cellular components of the skin
and mucosa. Their racquet-shaped ultrastructural inclusions
(Birbeck bodies) distinguish them from other tissue cells. They
interact with and process antigen, then migrate to lymphoid
organswhere, through interactionwithT cells, they generate cel-
lular and humoral immune responses. This ability of dendritic
cells to interact with T cells and other inflammatory cells con-
tributes to the often varied clinical manifestations of the histio-
cytic disorders.
The histiocytic disorders comprise various haematological

disorders, with cells of the mononuclear phagocytic system or
the dendritic cell system involved in their pathogenesis. In gen-
eral, diseases associated with proliferation of histiocytes can be
grouped into two different categories: inflammatory disorders
and neoplastic (clonal) disorders (Table 14.12). In the more
recent classifications by the World Health Organization Com-
mittee onHistiocytic/ReticulumCell Proliferations, other disor-
ders in which histiocytes are implicated, such as storage diseases
(Gaucher and Niemann–Pick), have been excluded.

Langerhans cell histiocytosis
The offending cells in the disorders previously referred to as his-
tiocytosis X (including eosinophilic granuloma, Letterer–Siwe
disease and Hand–Schüller–Christian disease) have the char-
acteristics of epidermal Langerhans cells. These disorders, now
collectively referred to as Langerhans cell histiocytosis (LCH),
have variable clinical features depending on the organs infil-
trated by the responsible Langerhans and accompanying cells.
The true prevalence of these disorders is seven cases per million
and typically occur in children under 15 years of age.
It is now clear that LCH is characterized by clonal proliferation

of CD1a-positive cells. The Langerhans cells from the lesions
of patients have several phenotypic properties that distinguish
them from their normal counterparts. Differences in staining
by the lectin peanut agglutinin, expression of placental alkaline
phosphatase, expression of the IFN-γ receptor, and expression
of costimulatory receptors such as CD86 and CD80 allow one to
distinguish between LCH lesional cells and their normal coun-
terparts. There is extensive expression ofGM-CSF, IL-1, IL-3, IL-
4, IL-8, TNF and leukemia inhibitory factor (LIF) in the lesions
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Table 14.12 Histiocytic disorders.

Disorders of varied biological behaviour
Related to dendritic cells
Langerhans cell histiocytosis
Juvenile xanthogranuloma and related disorders
Solitary dendritic cell histiocytoma

Related to macrophages
Haemophagocytic syndromes

Primary: familial haemophagocytic histiocytosis
Secondary: infectious, tumour associated, drug associated
(e.g. phenytoin)

Rosai–Dorfman disease (sinus histiocytosis with massive
lymphadenopathy)

Solitary macrophage histiocytoma

Clonal disorders
Related to monocytes
Leukaemia, acute myelomonocytic and monocytic leukaemia,

chronic myelomonocytic leukaemia, extramedullary
monocytic tumours

Related to dendritic cells
Histiocytic sarcoma (malignant histocytosis): localized or

disseminated

Related to macrophages
Histiocytic sarcoma (malignant histiocytosis): localized or

disseminated

of LCH, suggestive of activation of T lymphocytes as well as
recruitment of macrophages, eosinophils and granulocytes.
The diagnosis of LCH is based on a biopsy of the involved

organs, with the key diagnostic feature being the presence
of pathological Langerhans cells, which can be identified by
demonstration of either CD1a surface antigen or the presence
of Birbeck granules on electron microscopy. Early lesions are
generally cellular and locally destructive, with an abundance of
essentially normal Langerhans cells. As the lesions mature, there
are fewer Langerhans cells with occasional necrosis.
The lesions of LCH occur in skin, bone, lymph nodes, liver,

spleen, bone marrow, lungs, the CNS and the gastrointestinal
tract. Clinical features are varied and depend on the organs
involved. It may involve single organs or involve multiple sys-
tems, and assessment of organ function is important as it can
have prognostic significance.
Langerhans cells play an integral role in antigen recogni-

tion and participate in immune responses within many tis-
sues. Pulmonary Langerhans cell histiocytosis (PLCH) is a non-
neoplastic collection of reactive Langerhans cells that causes
interstitial lung disease in adult smokers. PLCH is uncommon
and comprises 5% of all interstitial lung disease, predominantly

afflicting middle-aged men and women smokers. PLCH typi-
cally presents with dyspnoea, non-productive cough and consti-
tutional symptoms, and radiographic features of reticulonodu-
lar changes with cyst formation. Langerhans cells in PLCH can
be identified by positive immunostaining for CD1a, langerin,
E-cadherin and S-100, as well as the presence of Birbeck gran-
ules. The treatment of PLCH is smoking cessation. Reports can
be found in the literature supporting the use of corticosteroids
and chemotherapy for progressive disease. Prognosis is variable
and cases of spontaneous regression, even without intervention,
have been documented.
Solitary or multifocal eosinophilic granuloma occurs mainly

in older children and young adults and accounts for the major-
ity of cases of LCH. Hand–Schüller–Christian disease occurs in
younger children (2–5 years) and often presents with exoph-
thalmos due to a tumour mass in the orbital cavity. Letterer–
Siwe disease is the rarest and often most severe form of LCH,
typically presenting with a scaly, seborrhoeic, eczematoid and,
occasionally, purpuric or ulcerative rash in infants younger than
2 years. Bone involvement in LCH can lead to a tender swelling
(as a result of infiltration of adjacent tissues) and inability to bear
weight. Radiographically, lesions appear as ‘punched-out’ holes,
sometimes with sclerotic edges. Other clinical manifestations
include rashes, which may be maculopapular, nodular or vesic-
ular; ear discharge; lymphadenopathy; diabetes insipidus, due
to involvement of the hypothalamus and the pituitary; respira-
tory symptoms, with radiographic changes such as micronodu-
lar infiltrates due to lung involvement; hepatomegaly with labo-
ratory evidence of liver dysfunction; splenomegaly; CNSdisease,
with ataxia, dysarthria and cranial nerve palsies and, rarely, gut
involvement with diarrhoea, malabsorption and protein-losing
enteropathy.
Spontaneous resolution can occur in a significant propor-

tion of patients with LCH, and patients with limited disease
usually do not require systemic therapy. In contrast, patients
with multifocal disease generally benefit from systemic therapy.
Treatment options have included low-dose radiation for symp-
tomatic single lesions, local injection of steroids, topical steroids,
PUVA, non-steroidal anti-inflammatory drugs, high-dose sys-
temic steroids and combination chemotherapy, including agents
such as prednisolone, vinblastine, vincristine, etoposide and
6-mercaptopurine. Other treatments that have been tested in
patients with disease progression include ciclosporin, antithy-
mocyte globulin, 2-chlorodeoxyadenosine, thalidomide, TNFα
inhibitors, anti-CD1a antibodies and haemopoietic stem cell
transplantation. BRAFV600Emutations have been described in
38–69%of patientswith LCH. In patients that have thismutation
and are resistant to treatments, the BRAF inhibitor vemurafenib
has produced promising results in small studies.

Haemophagocytic lymphohistiocytosis
These disorders include genetic (familial and
immunodeficiency-related syndromes) and acquired forms.
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Familial forms affecting neonates and infants occur in 1 in
50,000 live births. Males and females are equally affected
and over two-thirds of cases occur in siblings. The familial
form is an autosomal recessive disease without a well-defined
genetic defect. Recently, several defects in genes with important
immune functions have been reported in patients with familial
haemophagocytic lymphohistiocytosis (HLH) including muta-
tions in the genes for perforin (PRF1), Munc13-4 (UNC13D)
and syntaxin 11 (STX11). The acquired form is associated with
Chédiak–Higashi syndrome, Griscelli syndrome and X-linked
lymphoproliferative syndrome.
Mutations of the perforin gene have been reported in sev-

eral patients with familial HLH and result in defective lym-
phocyte cytotoxic activity. The manifestations of the disease are
thought to be mediated by hypersecretion of proinflammatory
cytokines such as IFN-γ, TNF-α, IL-6, IL-10 and macrophage
colony-stimulating factor (M-CSF). Such excess of proinflam-
matory cytokines results in tissue infiltration by lymphocytes
and macrophages, leading to haemophagocytosis and the char-
acteristic laboratory abnormalities including cytopenias, coagu-
lopathies, hyperferritinaemia and hypertriglyceridaemia.
Both familial and acquired forms of HLH are commonly pre-

cipitated by viral (particularly Epstein–Barr virus and other her-
pes viruses), bacterial, fungal and protozoan infections, occur-
ring frequently in an immunocompromised host. Other factors
that have been associated with acquiredHLH includemalignan-
cies (particularly lymphoproliferative disorders), drugs (such
as phenytoin) and rarely with inborn errors of metabolism
(lysinuric protein intolerance andmultiple sulfatase deficiency).
Symptoms of HLH commonly include high fever, anorexia,
malaise, irritability and vomiting. Hepatosplenomegaly, lym-
phadenopathy and neurological signs such as cranial nerve
palsies and seizures are also common The marrow is often
hyperplastic with increased numbers of haemophagocytic histi-
ocytes. Histopathological features of the lymph nodes or other
involved tissue are often diagnostic, showing infiltration by
lymphocytes and histiocytes and characteristic prominent ery-
throphagocytosis and haemophagocytosis, features required for
diagnosis. During the acute phase of the illness, the plasma con-
centrations of inflammatory cytokines and the α-chain of the
soluble IL-2 receptor as well as impaired NK cell activity are
abnormal. Revised criteria from the Histiocyte Society for the
diagnosis of HLH are shown in Table 14.13.
Treatment of familial HLH has included the use of corticos-

teroids (dexamethasone is preferred over prednisolone due to its
ability to cross the blood–brain barrier), immunoglobulin infu-
sions, ciclosporin and etoposide. Although early responses are
observed, disease recurrence within months is common. Ade-
quate control of CNS disease is important and intrathecal ther-
apy using methotrexate with or without corticosteroids is mer-
ited in patients with recurrent CNS disease. Patients are at risk
of developing opportunistic infections due to their underlying
immune dysfunction and the effects of therapy. Haemopoietic

Table 14.13 Diagnostic criteria for haemophagocytic
lymphohistiocytosis.

Familial disease/known genetic defect

Clinical and laboratory criteria (5/8 criteria)
Fever
Splenomegaly
Cytopenia in two or more cell lines
Haemoglobin < 90 g/L (below 4 weeks < 120 g/L)
Platelets < 100 × 109/L
Neutrophils < 1 × 109/L

Hypertriglyceridaemia and/or hypofibrinogenaemia
Fasting triglycerides ≥ 3 mmol/L
Fibrinogen < 1.5 g/L

Ferritin ≥ 500 μg/L
sCD 25 ≥ 2400 U/mL
Decreased or absent NK cell activity
Haemophagocytosis in bone marrow, CSF or lymph nodes

Supportive evidence includes cerebral symptoms with moderate
pleocytosis and/or elevated protein, elevated transaminases and
bilirubin, lactate dehydrogenase >1000 U/L. sCD 25, soluble
interleukin-2 receptor.

stem cell transplantation from a matched sibling or unrelated
donor remains the definitive treatmentmodality in patients with
genetic forms of HLH.
Sinus histiocytosis with massive lymphadenopathy or Rosai–

Dorfman syndrome is characterized as a benign, frequently
chronic, painless lymphadenopathy involving the cervical nodes
and less commonly other nodal areas and has no known aetiol-
ogy.Other featuresmay include fever, weight loss and extranodal
disease in skin, soft tissues, orbits, upper respiratory mucosa,
bone and other organs. Although the disease commonly occurs
in the first two decades of life, all ages can be affected. Diag-
nostic evaluation of involved lymph nodes reveals infiltration by
histiocytes and multinucleated giant cells associated with ery-
throphagocytosis. The proliferating histiocytes are morpholog-
ically distinguished from the Langerhans cells of LCH by the
absence of Birbeck granules on electron microscopy, as well as
their surface phenotype. Nodal disease is often self-limited and
regresses without intervention. However, bulky extranodal dis-
ease can cause symptoms and even organ impairment. Therapy
depends on the extent of involvement and ranges from observa-
tion to surgical debulking and/or radiation. Chemotherapy plays
no role in treatment.
Erdheim–Chester disease is a rare non-Langerhans cell histi-

ocytosis that occurs in adults and may be of clonal origin. Bony
pain with symmetric osteosclerosis of the metaphyses and dia-
physes of long bones is characteristic of the disease. Extraosseous
lesions can be found in approximately 50% of cases. Because
of the very rare nature of this disease, only anecdotal
reports of treatment with steroids, interferon, chemotherapy,
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radiation and stem cell transplantation with variable rates of
success are found in the literature. Prognosis is dependent on
the extent of extraosseous disease and many patients die within
a few years due to progressive pulmonary and retroperitoneal
involvement.
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15Lysosomal storage disorders
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Lysosomes

Lysosomes are membrane-bound intracellular organelles that
represent the major degradative compartment of mammalian
cells. They are morphologically heterogeneous and are distin-
guished from other organelles by the presence of a range of
catalytic enzymes and lysosome-associated membrane proteins
(LAMPs). More than 50 lysosomal hydrolases, active at acidic
pH, catalyse the degradation of macromolecules (lipids, pro-
teins, nucleic acids, glycosaminoglycans and oligosaccharides).
These include breakdown products of blood cell membranes,
gangliosides from neurones, and glycosaminoglycans derived
from connective tissue and extracellular matrix. Substantial
flows of substrate of intracellular origin are also generated as
a product of intermediary metabolism and turnover of macro-
molecules. Substrate is delivered to the lysosome by the pro-
cesses of endocytosis, pinocytosis, phagocytosis or autophago-
cytosis, or is imported from the cytoplasm using a system of
biological chaperones.
The lysosomal membrane and its LAMPs protect cytoplasmic

components from the acid hydrolases. LAMPs are transmem-
brane proteins with highly glycosylated intralysosomal domains,
among themost denselyN-glycosylated proteins so far reported.
The lysosomal membrane is also involved in fusion with other
organelles, in maintenance of an acidic intralysosomal pH and
in the efflux of amino acids and monosaccharides and oligosac-
charides produced by the lysosomal hydrolases.
Soluble lysosomal enzymes are synthesized on the rough

endoplasmic reticulum and acquire N-linked oligosaccharide
side-chains in the Golgi apparatus. Here, asparagine-linked
high-mannose residues are phosphorylated at position 6. This
modification is specific for lysosomal enzymes and is utilized to

route enzymes to the lysosomal compartment via mannose 6-
phosphate receptors. Lysosome sorting of β-glucocerebrosidase,
the enzyme deficient in Gaucher disease, is mediated by a com-
plex of the lysosomal integral membrane protein LIMP-2 and
the mannose 6-phosphate receptor.

Pathophysiology of lysosomal storage
disorders

In most lysosomal storage disorders, an inherited deficiency
of a specific lysosomal enzyme results in the accumulation of
undegraded substrates within the lysosome. In others, accumu-
lation of storage product results from deficiency or malfunc-
tion of activator proteins or transport proteins. Individual muta-
tions of the relevant genes give rise to variable levels of residual
enzyme activity. The resulting diseases are grouped according
to the major stored substance, for example the mucopolysac-
charidoses, sphingolipidoses and glycoproteinoses. Storage
product within the lysosomes causes disruption of cellular orga-
nization anddisturbance of normalmembrane functions includ-
ing signal transduction and ion transport. Different lysosomal
storage diseases have the characteristic organ distribution pat-
terns of the stored metabolites. However, even within a discrete
storage disorder there are often wide-ranging clinical manifes-
tations and considerable interindividual heterogeneity. Further-
more, genotype–phenotype relationships are generally unclear
and even siblings with the same mutation can have widely dis-
parate clinical manifestations.
Although knowledge of the genetics and biochemistry of the

disorders has recently improved, little is known of the patholog-
ical processes that actually result in end-organ damage. These
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processes do not simply relate to the burden of storage product,
but extend to involve a complex host reaction to abnormal cells.
This may result in cytokine secretion, cellular proliferation, dis-
turbed calciumhomeostasis, exaggerated inflammation andper-
turbed control of apoptosis. In Gaucher disease, where storage
cells are macrophages that play an essential role in host phys-
iology and pathogenesis of inflammatory and immunological
responses, a wide variety of enzymes, cytokines and coagulation
factors are perturbed (Table 15.1). Interleukin (IL)-1, IL-6, IL-10

Table 15.1 Enzyme and cytokine disturbance in type I Gaucher
disease.

Elevated Reduced

Plasma Glucosylceramide Total plasma cholesterol
Apolipoprotein E Low-density lipoprotein
Transcobalamin II High-density lipoprotein
Ferritin Apolipoprotein A-1
β-Hexosaminidase Apolipoprotein B
α-Mannosidase Factor XI
β-Glucuronidase
Angiotensin-converting

enzyme
Lysozyme

Factors V and VIII
(normalize post
splenectomy)

Factors II, VII, X, XII
Tartrate-resistant acid

phosphatase
Chitotriosidase
Thrombin–antithrombin
Plasmin–antiplasmin
d-Dimer
Immunoglobulins
Paraprotein
IL-1
IL-6
IL-8
IL-10
TNF-α
M-CSF
Soluble CD14
CCL18/PARC

Tissue Glucosylceramide
β-Hexosaminidase
β-Glucuronidase
Galactocerebrosidase
Tartrate-resistant acid

phosphatase
Non-specific esterase

Hepatic Alkaline phosphatase
Transaminases

EET, enzyme enhancement therapy; ERT, enzyme replacement therapy;
SCT, stem cell transplantation; SRT, substrate reduction therapy.

and tumour necrosis factor (TNF) have been implicated in the
pathogenesis of Gaucher disease. Elevated serum levels of IL-6,
which is produced bymacrophages, endothelial cells, fibroblasts
and T cells, have been found to correlate with an index of sever-
ity in patients with Gaucher disease, and may be instrumental
in the pathogenesis of B-cell dysregulation and bone disease. IL-
10, which in general inhibits the synthesis of other inflammatory
cytokines, is also elevated and may represent an abnormal state
of immune activation.

Prevalence

Recent studies suggest that the true prevalence of lysosomal
storage disorders may be higher than previously thought. This
is because patients with minimal symptoms, such as homozy-
gotes for the Gaucher N370S mutation, may not come to med-
ical attention and also because of misdiagnosis of multisystem
disorders such as Fabry disease. Studies in Europe, the USA and
Australia suggest that although the diseases are individually rare,
their combined overall birth prevalence is 1 in 5000–8000.

Diagnosis

In the absence of an informative family history, diagnosis of
lysosomal storage disorders requires a high degree of clinical
suspicion. Storage productmay be identifiedwithin biopsy spec-
imens, plasma or urine. Thesemay have been requested inciden-
tally, for example the finding ofGaucher disease in the bonemar-
row biopsy of a thrombocytopenic patient or Fabry disease in a
renal biopsy, or may be a specific directed examination such as a
skin biopsy in a patient with the characteristic rash of Fabry dis-
ease. Levels of lysosomal enzymes may be measured in plasma
or leucocytes using commercially available synthetic or naturally
occurring labelled substrates. Once a candidate enzyme is iden-
tified, analysis of the corresponding gene may identify a specific
mutation and facilitate rapid screening of other family mem-
bers. As effective treatment becomes available for a larger num-
ber of disorders, it is increasingly important that patients should
be diagnosed as early as possible as presymptomatic individuals
may be candidates for early intervention.

General aspects of therapy

Effective treatment of lysosomal storage disorders self-evidently
involves reduction of the stored compound and prevention of its
re-accumulation. This has been achieved by elevation of enzyme
activity by stem cell transplantation, infusion of the missing
enzyme (enzyme replacement therapy or ERT) or stabiliza-
tion of protein folding variants by pharmacological chaperones.
Conversely, reduction of the substrate can also be achieved by
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limiting its synthesis through inhibition of anabolic enzymes,
so-called substrate reduction therapy (SRT).
Many patients with Gaucher disease, metachromatic leu-

codystrophy, Krabbe disease and MPS type I have undergone
stem cell transplantation. Donation of stem cells has largely been
from HLA-identical siblings, but as the highest level of enzyme
activity will be supplied by donor cells from non-carriers, cord
blood from unrelated donors has recently been used with good
results.
ERT is now available or under investigation for several lyso-

somal storage disorders. A range of production platforms has
been developed recently. Recombinant human enzyme can be
produced in Chinese hamster ovary (CHO) cells or plant (e.g.
carrot) cells. Gene activation technologies have been applied to
cultured human fibroblasts. The resulting translated proteins are
chemically modified, purified and prepared for infusion. The
effectiveness of ERTdepends on the accessibility of the site of the
pathology to exogenous enzyme and the ability of affected cells
to internalize the enzyme. ERT is effective in reducing the non-
neuronopathic manifestations of a number of disorders, includ-
ing Gaucher disease type I, Fabry disease, Pompe disease and
MPS types I, II, III IV and VI. However, infused enzymes do
not cross the blood–brain barrier and ERT does not prevent
the onset and progression of neurological symptoms. Intrathecal
administration is under investigation. Furthermore, ERT for sys-
temic therapy has to be given by intravenous infusion. Antibod-
ies readily develop to infused enzyme and this certainly attenu-
ates effectiveness in some diseases (e.g. Pompe disease).
Recently, other treatment strategies have been developed. One

approach, SRT, is to decrease the rate of synthesis of the stored
component so that it is approximately equal to the rate of degra-
dation. Analogues of small molecules are used to inhibit the
activity of synthetic enzymes. Thus, glucose and ceramide ana-
logues can be used separately to reduce the activity of the enzyme
glucosylceramide synthetase. This approach is only feasible in
individuals with later-onset forms of the diseases who harbour
mutations associated with detectable levels of residual enzyme
activity. The small molecules used in SRT can be given orally,
are easily absorbed and have a wide tissue distribution. Further-
more, SRT may have therapeutic utility in crossing the blood–
brain barrier.
Some mutations lead to reduced levels of residual enzyme

activity by causing misfolding of peptide chains or abnor-
mal intracellular transport. The oral administration of small
molecules (pharmacological chaperones) that can rescue mis-
folded or unstable enzymes is currently under active investiga-
tion for several lysosomal storage disorders. Such chaperones
are designed to bind specifically to mutant peptides, aid their
passage through the endoplasmic reticulum, rescue them from
proteosomal degradation and guide them to the lysosome. They
would dissociate from the enzyme within the acidic lysosomal
environment. Combinations of ERT and chaperone therapy are
also being evaluated in clinical trials.

Agents that bind to ribosomes (e.g. derivatives of gentamicin)
and which modify the processing of RNA transcripts to allow
‘read-through’ of premature stop codon mutations are another
class of mutation-specific therapy currently being evaluated in
lysosomal storage disorders. Finally, gene therapy is under inves-
tigation in animalmodels of lysosomal storage disorders and has
been reported as an adjunct to ERT in Gaucher disease.

Prognosis

The clinical course of infants diagnosed with a lysosomal stor-
age disorder usually follows a predictable path of loss of learned
skills and neurological deterioration until death results from
infection and progressive organ damage. When onset is later, in
adolescents and adults, the clinical course is more varied and the
prognosis depends on the major organ systems affected. How-
ever, patient heterogeneity is such that it is not possible to predict
which patients are most likely to experience significant morbid-
ity or early mortality.

Clinical manifestations

In view of recent advances in therapy, Gaucher disease, Fabry
disease and Pompe disease are presented in greater detail below.

Gaucher disease

Gaucher disease is due to deficiency of the enzyme β-
glucocerebrosidase, a lysosomal enzyme that hydrolyses gluco-
sylceramide to glucose and ceramide (Figure 15.1). It is an auto-
somal recessive condition arising as a result of mutation within
the GBA gene. Affected individuals have a mutant enzyme with
reduced activity, resulting in accumulation of the substrate (glu-
cosylceramide) in lysosomes of reticuloendothelial cells. It is
one of the commonest lysosomal storage disorders, with an esti-
mated incidence of 1 in 60,000 to 1 in 80,000 individuals.

Clinical features
Clinical manifestations are due to cellular and tissue dam-
age consequent upon accumulation of sphingolipid-laden
macrophages in reticuloendothelial organs. Three main clini-
cal phenotypes are observed (Table 15.2), determined in large
part by the residual activity of the mutant enzyme. All three
types are progressive disorders. Residual enzyme activity in
type II is so low that abnormal cells accumulate in the central
nervous system (CNS). This is the acute neuronopathic form
of the disease, which presents with neurological complications
in early infancy and usually leads to death before the age of
2 years. Type III disease is the subacute neuronopathic form
that leads to a slowly progressive neurodegenerative disorder.
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Figure 15.1 Biochemistry of lysosomal
storage disorders.

Type I is the commonest form of Gaucher disease and typi-
cally does not cause neurological disease. It is particularly com-
mon among subjects of Ashkenazi Jewish origin; within this
community, as many as 1 in 15–20 subjects are carriers, and

Table 15.2 Clinical manifestations of Gaucher disease.

Manifestation Type I Type II Type III

Onset 1 year <1 year 2–20 years
Hepatosplenomegaly ++ +/− +
Bone disease ++ – +/−
Cardiac valve disease − − +
CNS disease − +++ +/−
Oculomotor apraxia − + +/−
Corneal opacities − +/− +/−
Age at death 60–90 years <5 years <30 years

approximately 1 in 800–1000 subjects are homozygous. Type I
Gaucher disease is a heterogeneous disorder that may present
in childhood or in late adult life. It is likely that many undiag-
nosed subjects are asymptomatic. Symptomatic individuals have
hepatosplenomegaly, skeletal disease and bone marrow infiltra-
tion, leading to pancytopenia. Rarer manifestations of type I
Gaucher disease include pulmonary disease, skin involvement
and peripheral neuropathy. Patients with type I Gaucher dis-
ease have an increased incidence ofmalignancy generally and an
increased incidence of haematological malignancies, especially
B-lymphocyte disorders (myeloma, monoclonal gammopathy
of undetermined significance) and myelodysplasia. There is an
increased incidence of Parkinson’s disease among affected indi-
viduals and carriers. The underlying mechanism is unknown,
but experimental and animal models suggest that diminished
activity of glucocerebrosidase may lead to excess deposition of
α-synuclein in the basal ganglia, which is a pathological hall-
mark of Parkinson’s disease.
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Laboratory features
Affected individuals have mutations within the GBA gene;
more than 300 different mutations have been described. The
commonest mutation causing type I disease is a single base-
pair substitution in codon 370 (N370S), which accounts
for approximately 70% of mutant alleles in affected Ashke-
nazi Jewish subjects. A base-pair substitution in codon 444
(L444P) is the commonest mutation underlying neuronopathic
Gaucher disease. Diagnosis is confirmed by enzymatic assay
of β-glucocerebrosidase activity in leucocytes and fibroblasts.
However, enzymatic assay does not always identify heterozygote
subjects and measured enzyme activity correlates poorly with
clinical severity.
Splenic enlargement and marrow infiltration frequently lead

to anaemia, thrombocytopenia and leucopenia. Changes in
serum immunoglobulins are frequent. Polyclonal hypergamma-
globulinaemia is found in more than one-third of patients, and
monoclonal gammopathy of undetermined significance is seen
in up to 20%. Liver function tests are often abnormal, reflect-
ing infiltration of the liver by Gaucher cells leading to necro-
sis, fibrosis and, occasionally, even frank cirrhosis. There is an
increased incidence of gallstones. The serum cholesterol level is
typically lowered. Gaucher disease is associated with a bleeding
diathesis, attributable to abnormal platelet function and throm-
bocytopenia. Factor XI deficiency is commonly observed and is
largely due to co-inheritance of other genetic abnormalities that
are also common among Ashkenazi Jews.
The abnormal lipid-laden macrophages are readily detected

on tissue biopsy (e.g. bone marrow aspirate; Figure 15.2),
although biopsy is no longer considered necessary to make the
diagnosis. The serum levels of ferritin, angiotensin-converting
enzyme (ACE), acid phosphatase and transcobalamin 2 are
typically elevated. The enzyme chitotriosidase is derived from
macrophages and is typically grossly elevated in untreated
Gaucher disease, and declines progressively with treatment.

Figure 15.2 Gaucher cells in the bone marrow.
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Figure 15.3 Clinical course in Gaucher disease treated with
enzyme replacement therapy.

Levels may be as high as 30 000 U/L (normal range < 150 U/L);
values below1000 U/L generally indicate stable disease, andwith
prolonged ERT, values may even come down into the normal
range (Figure 15.3). However, up to 6% of the population are
deficient in this enzyme because of a 24-bp duplication in the
chitotriosidase gene. These individuals cannot be monitored by
measurement of plasma chitotriosidase activity. A new surro-
gate marker, pulmonary activation-regulated cytokine (PARC,
CCL18), is also elevated in plasma of patients with Gaucher dis-
ease and is useful for monitoring those patients with chitotriosi-
dase deficiency. PARC is a member of the CC chemokine family
and its over-expression may be relevant to some of the patho-
physiological features of Gaucher disease, such as abnormalities
in neutrophil chemotaxis.

Treatment
All patients with Gaucher disease should be evaluated by expe-
rienced physicians. Gaucher disease is the first lysosomal stor-
age disorder to be treated by ERT, and a number of different

274



Chapter 15 Lysosomal storage disorders

ERT preparations are now available for the treatment of type
I Gaucher disease. The most widely used preparations are
Cerezyme® (Sanofi Genzyme), which is a recombinant prepa-
ration purified from CHO cells, and VPRIV® (Shire), which
is derived by gene activation of cultured human fibroblasts.
Trials indicate that these two preparations are equally effica-
cious. A third ERT preparation (Taliglucerase®, Protalix Pfizer)
is derived from recombinant technology applied to carrot cells,
and is also efficacious, but less well tolerated and more likely to
provoke antibody production. ERT is expensive and ‘bio-similar’
generic ERTpreparations are anticipated in the near future. Indi-
cations for ERT include significant pancytopenia (e.g. Hb < 100
g/L, platelets< 100× 109/L), skeletal disease and significant hep-
atosplenomegaly. ERT has no discernible impact on CNS dis-
ease; type II Gaucher disease is therefore unresponsive to ERT
and ERT is indicated for the systemic, but not the CNS, mani-
festations of type III.
ERT is administered by intravenous infusion (typically in the

patient’s home) at a dose of 45–60 units per kg every 2 weeks.
However, somepatientswith advanced type I and III diseasemay
benefit from more frequent infusions (e.g. weekly) for the first
year or more. The dose of therapy is titrated against the sever-
ity of clinical and laboratory changes and is gradually lowered as
the disease burden declines. Patients with less advanced disease
may require lower doses, and some patients may only require
monthly infusions. ERT is well tolerated and easily administered
through a butterfly needle, although children and occasionally
adults may require an indwelling catheter. A small proportion
of patients (<10%) develop antibodies, but these are not usu-
ally neutralizing and do not affect treatment efficacy. Infusion
reactions are rare and easily managed. Patients are monitored
regularly in specialist units with blood tests (the chitotriosidase
assay is particularly helpful) and serial skeletal magnetic reso-
nance scans.
An oral form of therapy (miglustat, Zavesca) is licensed for

mild tomoderate type I disease. It is a form of SRT (see above), a
glucose analogue that reduces the amount of substrate (glucosyl-
ceramide) being produced within lysosomes, such that patients
with reduced residual enzyme activity will benefit. It is being
evaluated at present in other lysosomal storage disorders (e.g.
Niemann–Pick type C) as its administration leads to reduction
of a range of substrates in addition to glucosylceramide. It fre-
quently causes diarrhoea and is often poorly tolerated. Eliglustat
is a ceramide analogue that has recently been developed as SRT.
It is more active and has a better side-effect profile than miglus-
tat. Once licensed, it may prove to be an effective oral alternative
to ERT for patients with type I Gaucher disease.
Supportive therapy is frequently required. The skeletal dis-

ease in Gaucher disease (Figure 15.4) is painful and patientsmay
require analgesia. Regular orthopaedic assessments are advised.
Prior to the use of ERT, patients frequently developed acute
‘bone crisis’ – episodic severe pain, typically in the limbs and
often precipitated by dehydration. Blood component therapy

Figure 15.4 MRI scan showing skeletal changes in Gaucher
disease.

may be required for pancytopenic patients, particularly at the
time of orthopaedic or other surgical intervention. Splenectomy
should be avoided if possible as splenectomized subjects are
more likely to develop tissue infiltration in other organs (e.g.
liver, lungs, skeleton). Allogeneic stem cell transplantation is
curative, although not without risk and has a definite role in
carefully selected children with neuronopathic Gaucher disease.
The costs of ERT and SRT mean that stem cell transplantation
approacheswarrant further investigation, especially in the devel-
oping world, where there are large numbers of children who are
currently unable to access treatment.

Fabry disease

Fabry disease is an X-linked lysosomal storage disorder due to
mutation within the gene for α-galactosidase A (GLA) (see Fig-
ure 15.1). The resulting inability to catabolize glycosphingolipids
leads to progressive accumulation of the substrate globotriasyl-
ceramide in a range of tissues. In contrast to Gaucher disease,

275



Postgraduate Haematology

Figure 15.5 Renal biopsy in Fabry disease showing accumulation
of globotriaosylceramide in the lysosomes of podocytes. (Source:
Mehta et al.,2010. Reproduced with permission of Oxford
University Press.)

the lipid accumulation in Fabry disease affects a range of cells
(e.g. endothelial cells, epithelial cells, myocytes) within a broad
range of tissues and organs, particularly the kidneys (leading to
renal failure), heart (causing ventricular hypertrophy and con-
duction disturbances) and vasculature of the CNS. It is one of
the commonest lysosomal storage disorders, with an incidence
of approximately 1 in 100,000. It is panethnic. Milder variants
of Fabry disease may be much commoner and may present as
left ventricular hypertrophy, stroke/transient ischaemic attack
and renal failure. Although it is X-linked, Fabry disease typically
causes manifestations in females, though these occur later and
are usually less severe than in males. Diagnosis is by assay of α-
galactosidase A activity in leucocytes and detection ofmolecular
abnormalities within the GLA gene. Tissue diagnosis is by skin,
cardiac or renal (Figure 15.5) biopsy.

Clinical features and treatment
Clinical features are legion. Although females are heterozy-
gous, they are usually symptomatic and may be as severely
affected asmales. A skin rash (angiokeratoma) and pain in limbs
(acroparaesthesia) are early symptoms (under 10 years old).
In late childhood, reduced sweating, abdominal symptoms and
lymphoedema are characteristic. Renal failure, cardiac failure,
stroke, epilepsy and CNS/sensory organ involvement are later
features. Life expectancy is 40–50 years for men and 50–65 years
for most women.
ERT for Fabry disease has been available since 2001 and

two formulations are available: a recombinant galactosidase
that is translated in Chinese hamster ovary cells and mannose-
terminated (agalsidase β, Sanofi Genzyme Corporation, MA,
USA); and an enzyme of identical amino acid sequence that
is translated in a human fibroblast cell line wherein post-
translational modification is performed within the human cell
itself (Shire, MA, USA). The infused enzyme in Fabry disease
must be taken up by lysosomes within cells in diverse organs and

tissues, so targeting is of crucial importance. Beneficial clinical
effects have been observed in renal and cardiac function, pain,
hearing loss and gastrointestinal symptoms.

Pompe disease

Pompe disease (glycogen storage disease type II) is caused by
deficiency of acid α-glucosidase. It is characterized clinically
by an early infantile subtype associated with cardiomyopathy,
hypotonia and reduced survival, and a later-onset formwith fea-
tures consistent with a limb girdlemuscle disease phenotype and
survival into adulthood. On blood film examination lympho-
cytes show glycogen vacuolation, which is positive on PAS stain-
ing. The prevalence of Pompe disease has been estimated to be
1 in 146,000. In untreated patients with the late-onset form of
Pompe disease, muscle strength and pulmonary function dete-
riorate over time.
Alglucosidase-α (Myozyme) is a recombinant formulation of

human acid α-glucosidase generated from the transduction of
Chinese hamster ovary cells. In infantile-onset patients, enzyme
therapy has been shown to extend overall and ventilator-free sur-
vival and improve lung function andmobility in adults with later
onset Pompe.

Niemann–Pick disease

Niemann–Pick disease is divided into subtypesA andB resulting
from sphingomyelinase deficiency and subtype C resulting from
defects in cellular cholesterol trafficking. Patients with type A
exhibit neurodegenerative disease resulting in death in infancy,
those with type B have lung, but not neurological involvement,
and those with type C show slowly progressive neurological dis-
turbance. Hepatosplenomegaly may be found in all three types.
Over 100 sphingomyelinase mutations causing Niemann–Pick
disease type A or B have been described, andDNA-based carrier
screening has been implemented in the Ashkenazi Jewish com-
munity. Murine knockout models have also been constructed
and used to investigate disease pathogenesis and treatment.
Based on these studies in the mouse model, a clinical trial of
ERT has been initiated in adult patients with non-neurological
sphingomyelinase-deficient Niemann–Pick disease. The use
of inhibitors of glycolipid synthesis, including miglustat,
appears promising in the therapy of Niemann–Pick disease
type C.
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16Normal lymphocytes and
non-neoplastic lymphocyte disorders
Paul Moss and Mark Drayson
University of Birmingham and Queen Elizabeth Hospital, Birmingham, UK.

Introduction

The immune system has evolved to provide protection against
infection and is also believed to play an important role in the
control of malignant disease. It is often considered to comprise
two functional components, known as the innate and adaptive
arms of the immune response, but in reality these have a broad
overlap. The innate immune system is responsible for the initial
response to infection and inflammation and is mediated by cells
such as macrophages, neutrophils and dendritic cells, as well as
lymphoid subsets such as natural killer (NK) cells, γδ T cells and
B1 B cells. The adaptive or specific immune system is mediated
by antigen-specific lymphocytes that are selected and expanded
following recognition of antigen on antigen-presenting cells.

The anatomy of the immune system

The cells of the immune system are of haemopoietic origin and
derive ultimately from the haemopoietic stem cell in the bone
marrow. The myeloid and lymphoid lineages diverge during dif-
ferentiation, with separation of a common myeloid progeni-
tor and a common lymphoid progenitor. There are three broad
classes of lymphocyte – B cells, T cells and NK cells – and these
have different developmental pathways.
T cells are generated in the thymus following the migration

of prothymocytes from bone marrow to thymus followed by
selection of thymocyte precursors. Over 95% of thymocytes die

in the thymus, but the minority population emerges from the
thymus as single-positive CD4+ or CD8+ T cells and enters the
lymphoid system as naive precursors that can survive for many
years. The antigen receptor on T cells, the T-cell receptor (TCR),
exists only as a cell-surface molecule and is not secreted. T cells
have extremely diverse functions including: (i) providing signals
that help induce T cells and B cells to proliferate and differenti-
ate, (ii) specifically deleting virally infected cells or foreign cells,
(iii) activating macrophages to enhance cellular cytotoxicity and
(iv) regulation of established immune responses.
Most B cells are generated from within the bone marrow, the

‘B’ in their name referring to an obscure avian structure called
the bursa of Fabricius in which the B cells of birds develop.
Naive mature B cells enter the lymphoid circulation, but, if trig-
gered by antigen in the periphery, a proportion of cells will
return to the bonemarrow as long-lived plasma cells that secrete
immunoglobulin. B lymphocytes are the precursors of antibody-
producing cells. Each B cell produces, and expresses on its sur-
face, immunoglobulin with a distinct specificity for antigen. The
specificity of the immunoglobulin is determined by the way the
immunoglobulin variable-region genes are rearranged during B
lymphopoiesis. B cells that bind antigen through their surface
immunoglobulin have to obtain accessory signals if they are to
proliferate and differentiate into antibody-secreting cells. These
can be provided by helper T cells, which recognize antigen that
has been taken up and presented by the B cell.
NK cells similarly appear to develop from within the envi-

ronment of the bone marrow. They are able to kill cells that
fail to express major histocompatibility complex (MHC) class I
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molecules on their surface or that express molecules associated
with cellular stress.
The bone marrow and thymus are therefore the sites of lym-

phocyte development and are known as the primary lym-
phoid organs. However, immune responses are initiated when
lymphocytes encounter antigen and this occurs primarily in
secondary lymphoid tissues such as lymph nodes and the
spleen.
Lymphocytes circulate around the body tissues via the blood

and lymphatic vasculature. Lymphatic vessels drain extravascu-
lar spaces and lymph nodes are collections of lymphoid tissue
in lymphatic vessels, which are organized to optimize encoun-
ters between lymphocytes and antigen. Afferent lymph drains
into the lymph nodes, bringing circulating lymphocytes and
populations of antigen-loaded dendritic cells from regional tis-
sue. Efferent lymph returns lymphocytes to the bloodstream,
where naive cells continue this circulatory pattern in a contin-
uing quest for antigenic encounter. Antigen-experienced lym-
phocytes migrate to a variety of tissues in order to mediate
their effector functions. The pattern of homing is largely deter-
mined by the chemokine receptor profile on the lymphocyte (see
below).

Nature of the antigen-specific receptors
on T and B cells

Antigen recognition by lymphocytes

Each B or T lymphocyte expresses approximately 20,000–
100,000 antigen-specific receptors on their surface and all the
receptors on a single T cell or B cell are identical. However,
although the antigen receptors on a single cell are identical, they
are different from the receptors on other B or T lymphocytes.
During lymphoid development, a repertoire of billions of B and
T cells is generated and all have slightly different antigen recep-
tors on their surface. At the initiation of an immune response,
only a few of these cells are able to recognize the antigen and
these are then expanded during their differentiation into effector
cells. This is the basis of the clonal selection theory of immunol-
ogy. Themechanisms that generate this great diversity of antigen
receptors on lymphocytes are described in the next section.
Antibodies are immunoglobulins produced by B lympho-

cytes in response to an antigen for which they exhibit specific
binding. There are five classes of immunoglobulins: IgM, IgG,
IgA, IgD and IgE. Figure 16.1 shows a diagram of the basic
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Figure 16.1 (a) Structure of the basic immunoglobulin molecule. (b) Structure of IgG, IgM and IgA molecules.
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immunoglobulin molecule, which consists of four polypep-
tide chains arranged as two light (L) chains and two identical
heavy (H) chains. The light and heavy chains are held together
by disulfide (S–S) bonds. IgG and serum IgA molecules are
monomers of this basic immunoglobulin structure, whilst secre-
tory IgA is dimeric. IgMmolecules are pentamers, with the basic
immunoglobulin molecules held together by S–S bonds and a
joining (J) chain (Figure 16.1).
There are two distinct types of light chain, kappa (κ) and

lambda (λ), which are common to all immunoglobulins. Either
of these chains may combine with any heavy chain, but in any
one immunoglobulin molecule both light chains are identical. κ
chains occur in about 65% and λ chains in about 35% of the nor-
mal immunoglobulins in each class. Each class has an immuno-
logically distinct heavy chain: γ for IgG, μ for IgM, α for IgA,
δ for IgD and ε for IgE. There are four subclasses of human IgG
(IgG1, IgG2, IgG3 and IgG4,with γ1, γ2, γ3 and γ4 heavy chains),
and two IgA subclasses (IgA1 and IgA2, with αl and α2 heavy
chains). Analyses of various light chains from different sources
show that the amino acid sequence differs in half of the chain
(variable region), whereas in the other half the sequence remains
remarkably constant (constant region) between light chains of
the appropriate κ or λ groups. Similarly, in the corresponding
heavy chain, there is a variable region and a constant region
when different chains are analysed. Papain can split the basic
immunoglobulin molecule into three fragments at a site near
the S–S bonds that hold the heavy chains together. One frag-
ment contains the C-termini of the heavy chains and is called
the Fc fragment. The other two are called Fab fragments, each
of which consists of the N-terminus of the heavy chain and the
whole of the light chain, and contains the antigen-binding site of
the molecule.
Repetition of amino acid sequences within the heavy chain

constant regions indicates that there are either three (for IgG and
IgA) or four (for IgM, IgD and IgE) constant region domains
for H chains. These are designated CH1, CH2, CH3 and CH4.
In contrast, there is only one constant region domain for light
chains and only one variable region domain for heavy and
light chains. The segment between CH1 and CH2 is called the
hinge region. This area imparts flexibility to the immunoglobu-
lin molecule so that antigen-binding sites can span varying dis-
tances.
The vast majority of the differences between antibodies of

various specificities occurs in three or four short amino acid
sequences in the L- and H-chain variable regions. These hyper-
variable sequences contact the antigen on binding and pro-
vide the basis of antibody specificity. The remaining sequences
within the variable region are known as the framework deter-
minants. These are believed to provide the general skeleton of
the antigen-recognizing region, within which variations in and
between hypervariable sequences generate specificity for the dif-
ferent epitopes bound by different antibodies. Figure 16.1 shows
the structure of surface immunoglobulin on B cells.

Free light chains are kappa and lambda proteins that are pro-
duced by B cells but do not become attached to a heavy chain.
They are secreted into the serum and can be measured in the
blood of healthy individuals, where the normal serum free light
chain (SFLC) values are 3.3–19.4mg/L of kappa, 5.71–26.3mg/L
of lambda and kappa/lambda ratio: 0.26–1.65. SFLC production
is increased from malignant B cell clones, particularly plasma
cells, and an increase in either kappa or lambda SFLC is a sensi-
tive test for paraproteinaemia. Levels are also increased in many
cases of chronic leukaemia or non-Hodgkin lymphoma. SFLC
are filtered from the blood by the kidney but are largely reab-
sorbed by renal tubules, and so urinary free light chains are gen-
erally not detectable in healthy individuals. However, they can
become detectable in urine when the serum level of FLC gets so
high that the kidney cannot reabsorb all the protein that is fil-
tered, and this is often the case in patientswithmyeloma. Indeed,
urinary FLCs are the basis of Bence–Jones protein, which was a
test for myeloma discovered in 1848.

Biological and physical properties of
immunoglobulins

Immunoglobulins are essentially multifunctional, as not only do
they bind antigen, but they also perform a variety of other func-
tions depending on their class. Most of these additional func-
tions reside in the Fc fragment and are listed in Table 16.1. The
most important include the following:
1 Complement fixation (IgM > IgG3 > IgG1 > IgG2). IgA does
not bind complement in the classical pathway.
2 Opsonization. After binding to antigen, Fc receptors can bind
to mononuclear phagocytic cells, particularly monocytes and
macrophages, leading to uptake and phagocytosis of the bound
cell or antigen. This property is particularly marked in the IgG3
class. After IgG-coated cells bind to Fc receptors on mononu-
clear phagocytic cells, they are destroyed by phagocytosis or
cytotoxicity (Chapters 9 and 14).
3 Transplacental passage: there is preferential active transport
of IgG1 relative to the other IgG subclasses. As only IgG passes
the placental barrier, only IgG blood group antibodies can cause
haemolytic disease of the fetus and newborn (HDFN) and only
IgG1 and IgG3will mediate significant immune red cell destruc-
tion. The IgG level in cord blood will be much the same as the
level in the mother. Passively transferred maternal IgG gradu-
ally disappears from the infant after birth and is almost gone by
3 months of age. The serum of newborn infants contains a small
amount of IgM of fetal origin and almost no IgA; the production
of IgA and IgG starts at about 1–2 months of age.
The immunoglobulin proteins on the surface of the B cell

form a signalling complex with a range of different molecules
(Figure 16.2). The signalling pathways that are activated dur-
ing recognition of antigen are now being targeted by drugs that
are proving very valuable in the treatment of leukaemia and
lymphoma. In particular, intracellular Bruton’s tyrosine kinase
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Table 16.1 Effector functions of the immunoglobulin isotypes.∗

IgG1 IgG2 IgG3 IgG4 IgA1 IgA2 Secretory IgA IgM IgE

Complement fixation: classical pathway† + (+) ++ − − − − ++++ −
Complement fixation: alternative pathway − − − − +‡ ++ − − −‡

Placental transfer/lymphocyte binding ++ + + + − − − − −
Monocyte/macrophage Fc receptor binding ++ − +++ − − − − − ?§

Mast cell binding − − − (?) − − − − +++
Binding to Staphylococcus aureus protein A + + − + − − − − −

∗No biological function has been ascribed to IgD, but it might be intimately involved in maturation of B cells into competent effector cells and/or memory
cells.
†IgG molecules fix complement only up to C3.
‡Aggregated molecules can activate the alternative pathway.
§Human IgE has been reported to bind to macrophages.

(BTK) is activated following engagement of immunoglobulin
with antigen and BTK inhibitors are proving of great value in the
treatment of CLL andmantle cell lymphoma (Figure 16.3a). The
delta isoform of PI3kinase is also relatively selectively expressed
in lymphocytes and this pathway is also activated following
antigen-receptor signalling. Again, selective inhibitors of PI3Kd
are widely used in a several lymphoid disorders (Figure 16.3b).

CD21

CD19

TAPA

CD79 CD79

Surface Ig

α β α β

Figure 16.2 The structure of the antigen-specific receptor of B
cells (BCR). Antibody (immunoglobulin) molecules on the surface
of B cells provide their antigen-specific receptors. The green
structures are the heavy (H) chains and the orange the light (L)
chains. The antigen-combining (variable) regions are shown as
open circles; the locations of the antigen-combining sites are
indicated by arrows. The binding of antigen by B cells through
their surface immunoglobulin can lead to antigen being
internalized and can result, indirectly, in proliferation by the B cell
and its differentiation to become an antibody-secreting cell or a
memory cell. Signals delivered to the B cell when the surface
immunoglobulin binds antigen are delivered through the α and β
CD79 transmembrane signalling molecules and other surface
immunoglobulin-associated molecules, including the complex of
CD21 and CD19 with Tyr-d-Arg-Phe-β-Ala (TAPA).

T cells recognize peptides presented in association withMHC
molecules. In humans, the MHC molecules are also known as
human leucocyte antigens (HLAs) and there are two classes
of MHC molecule. MHC class I molecules (Figure 16.4) are
expressed by all nucleated cells except germ cells. They are not
expressed by erythrocytes, but are found on the surface of ery-
throblasts. The peptides recognized byT cells in associationwith
class IMHCmolecules are, inmost circumstances, derived from
proteins produced from within the cell. This places MHC class
I molecules in an excellent position to present peptides derived
from viral proteins following intracellular viral infection (Figure
16.5). It is now clear that antigen-presenting cells are also able to
take up proteins fromoutside the cell and process them such that
peptides gain access to the MHC class I presentation. This pro-
cess is called cross-presentation andmay be particularly impor-
tant in generating CD8+ T cell responses to tumour-associated
proteins.
MHC class I antigen presentation starts with the intracellular

breakdown of proteins by a multimolecular proteolytic complex
known as a proteasome. These peptides are actively transported
by TAP (transporter associated with antigen processing) pro-
teins into the endoplasmic reticulum, where empty MHC class
I molecules are being assembled. The nascent MHC molecules
are able to ‘fold’ around the peptides, which make non-covalent
interactions with the peptide-binding groove at the top of the
molecule. This complex is then stabilized by the association of
β2-microglobulin before being transported to the cell surface. In
this way, the cells are continuously advertising the peptide com-
position of the proteins that they are producing.
The selection of T cells during their development in the thy-

mus involves the processes of negative selection and positive
selection. T cells that have high affinity for self peptides held
in the groove of a self MHC molecule are deleted by apopto-
sis in a process known as negative selection. T cells with lower
affinity for self-peptide–MHC complexes are positively selected
and survive to become peripheral T cells. T cells that recognize
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Figure 16.3 (a) BTK and its involvement in BCR signalling.
Bruton’s tyrosine kinase (BTK) comprises several domains
including the: (i) pleckstrin homology (PH) domain, which targets
BTK to the plasma membrane, (ii) BTK homology (BH) domain,
(iii) polyproline (PPR) domain, (iv) Src homology (SH3 and SH2)
domains (SH2 domain of BTK binds to the B cell adapter protein
BLNK, which is required for full BTK activation) and (v) tyrosine
kinase (TK) domain. Activation of BTK requires phosphorylation
and binding of PIP3. Following BCR engagement and activation,
and following PIP3 binding, BTK translocates to the plasma
membrane, where it is phosphorylated at Tyr551 by LYN and SYK,
leading to autophosphorylation of Tyr223. Once bound to BLNK,
BTK phosphorylates PLCG2 at several sites, leading to calcium
mobilization and activation of the protein kinase C (PKC) family
members and other effectors, including RAS, and to NFκB
activation and phosphorylation of ERK. Most BTK inhibitors bind
irreversibly to Cys481 within the ATP binding site of the BTK
kinase domain, thus preventing BTK activation. Apart from its role

in BCR signalling, BTK is also implicated in cytokine and Toll
receptor signalling pathways. (Source: Hutchinson and Dyer, 2014
[Br J Haematol. 2014;166:12–22]. Reproduced with permission of
John Wiley & Sons.) (b) A schematic representation of the
phosphoinositol-3 kinase pathways. Extracellular ligands bind
receptor tyrosine kinases which are subsequently
(auto)phosphorylated. The p85 regulatory subunit of PI3K then
binds to one of these phosphates and activates the p110 catalytic
subunit. PI3K takes a phosphate from a donor ATP and adds to an
acceptor phosphatidylinositol-4,5-bisphosphate (PIP2) to generate
phosphatidylinositol-3,4,5-triphosphate (PIP3). This action is
opposed by PTEN, which dephosphorylates PIP3. PIP3 can recruit
activated (phosphorylated) AKT to the membrane; once PIP3 is
bound to the PH domain of activated AKT a variety of downstream
substrates are phosphorylated. In the B cell these targets include
BTK (see Figure 16.2a) (Source: Blachly and Baiocchi, 2014.
Reproduced with permission of John Wiley & Sons.)
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Figure 16.4 T cells recognize peptides held in MHC molecules. A
class I MHC molecule is depicted on the left and a class II MHC
molecule on the right. Some of the protein produced within each
cell is broken down to peptides, which are presented on the cell
surface in the peptide-binding groove of MHC molecules, usually
class I. Extracellular molecules are taken up by antigen-presenting
cells, broken down within the cell and presented on the cell surface
in the peptide-binding groove of MHC molecules, usually class II.
There are three isotypes of class II molecules, known as DP, DQ
and DR, and three main class I isotypes, A, B and C. All of these
are encoded within the MHC gene complex at 6p21.3. The genes
encoding the peptide-binding grooves of each of these isotypes
show extraordinary variability within the human population,
so-called ‘allelic polymorphism’. The range of peptides that can be
held by different MHC molecules varies. Consequently, this
polymorphism is reflected in differences between individuals in
the ability to recognize specific peptides. Any one T-cell receptor
(TCR) will only recognize a particular peptide within a particular
groove structure. β2-Microglobulin is a non-polymorphic
immunoglobulin-like domain that is non-covalently associated
with HLA class I MHC molecules; it stabilizes peptide binding and
is essential for the expression of class I on the cell surface.

peptide presented byMHC class I molecules express a molecule,
CD8, that binds to the α3 domain of the MHC class I molecule
(Figure 16.4). When any cell in the body presents immunogenic
peptides, these may be recognized by a cytotoxic CD8 T lym-
phocyte that can then kill the target cell. This is most likely to
occur as the result of virus infection when virus-encoded pro-
teins are produced; it may also occur following the acquisition
of a genetic mutation within a cell.
The other class ofMHCmolecule,MHC class II (Figure 16.4),

is less widely expressed. The only cells that constitutively express
large amounts of this class of MHC molecule are specialized
antigen-presenting cells collectively known as dendritic cells, B
lymphocytes and thymic epithelial cells. Dendritic cells share

a pattern of haemopoietic differentiation with monocytes and
in the laboratory they can be derived from blood mononu-
clear preparations by culture with granulocyte/macrophage
colony-stimulating factor (GM-CSF) and interleukin (IL)-4.
They migrate to many tissues, particularly epithelia, where they
remain until activated by local tissue injury. On activation, they
take up fluid and particles from their surrounding environment
(Figure 16.5) and digest proteins, which they present as MHC
class II–peptide complexes at the cell surface.
The scrutiny of antigen-presenting cells by T cells starts when

dendritic cells move from peripheral tissues to the T-cell-rich
areas of adjacent secondary lymphoid organs. In this site they are
known as interdigitating dendritic cells (IDCs), which express
molecules associated with T-cell activation such as CD40, CD80
and CD86. In the T zones of secondary lymphoid organs recir-
culating T cells are constantly migrating to the surface of IDCs,
which they scrutinize for the presence of anMHC–peptide com-
plex to which they can bind with their TCR. In this way, the
T cells continually screen for the presence of peptides derived
from both extracellular and intracellular antigens (see section
Immune responses).
The TCR (Figure 16.6) has certain similarities to

immunoglobulin in that it is composed of two non-identical
polypeptide chains that have constant and variable regions. In
addition, as described in the next section, the genes that encode
for TCR and immunoglobulin are remarkably similar. There
are two types of TCR, with αβT cells expressing a heterodimer
of an α-chain and a β-chain, and the minority population of
γδT cells expressing the γδ TCR heterodimer, which recognize
different forms of antigen. A number of different molecules
are associated with the two TCR polypeptide chains in order
to generate the TCR complex. This transmembrane signalling
complex of molecules is collectively known as CD3 (detailed
in Figure 16.6) and is linked to second messenger signalling
molecules, whose expression varies between different T-cell
subsets and at different stages of T-cell differentiation.

Complement

Complement consists of a series of proteins that are present in
fresh plasma as inactive precursors, and which react sequen-
tially with each other to form products that are important
in the immune destruction of cells, including bacteria. In
complement activation there are two stages of relevance. The
first is the generation of the active form of C3, C3b, which
leads to the coating, or opsonization, of the cell with a large
amount of protein. There are two pathways by which C3b may
be generated – the classical and the alternative pathways (Figure
16.7). The second stage is the lytic stage in which activation
of the proteins of the membrane attack complex, comprising
components C5 through to C9, leads to the destruction of
red cells in the circulation. In general terms, the complement
cascade is analogous to the clotting sequence. Activation of one
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Figure 16.5 Antigen processing and presentation in association
with MHC molecules. (Left): Antigen presentation of proteins
produced within cells is mainly the property of class I MHC
molecules. A proportion of proteins (black ribbons) produced
within a cell on ribosomes (yellow) are broken down to peptides
(black fragments) within a cytoplasmic molecular complex known
as a proteasome. The resulting peptides are actively transported by
TAP proteins (blue) through the wall of specialized endoplasmic
reticulum (ER) that has MHC class I molecules in its wall. The
peptides and β2-microglobulin associate with class I molecules and
are then expressed on the cell surface. (Right): Antigen
presentation in association with class II MHC molecules involves

pinocytosis of antigen (black ribbon) and fusion with an
antigen-processing endosome, which has class II MHC molecules
(magenta and blue) inserted in its wall. The antigen-presenting
grooves of the class II MHC molecules are kept empty by the
association with invariant chain (CD74). Fusion of the pinosome
with the endosome heralds the activation of proteolytic enzymes;
the invariant chain and the ingested proteins are broken down to
peptides. The resulting peptides (black fragments) are assembled
into the antigen-presenting groove of class II MHC molecules that
are held in the endosomal wall. The HLA class II molecules with
bound peptides are then carried to the cell surface.

component or group of components leads to the generation of
enzyme activity for activation of the next components.
Complement components in the classical pathway are des-

ignated C1 to C9 in their native form. Apart from C4, which
is activated before C2 and C3, the components are activated
sequentially according to their numerical order. Complement
components in the alternative pathway include factor B, factor D
and properdin. During activation of the ‘classical’ components,
small-molecular-weight fragments (C4a, C3a, C5a) are released,
which have important chemotactic and anaphylactic activity.

The opsonization phase of the complement
sequence (Figure 16.7)

The classical pathway
The classical pathway can be activated by many factors, includ-
ing antigen–antibody complexes and endotoxins. The first com-
ponent of complement, C1, is a complex of three protein
molecules, C1q, C1r and C1s, which activates C4 and C2,

generating C4b2b, known as C3 convertase. The cell-bound
C4b2b can optimally activate several thousand C3 molecules
by splitting them into C3a and C3b. As C3 is present in large
amounts in the serum (1–1.5g/L), the fixation ofC3b can consid-
erably increase the globulin coating of the target cell. The active
phase of C3 is transient because C3b is rapidly degraded by an
enzyme (C3b inactivator or factor I) and its accelerator (βIH or
factor H). C4b2b3b will ‘trigger’ the fixation of C5, C6, C7, C8
and C9, leading to the formation of the membrane attack com-
plex on normal red cells and bringing about their lysis.

The alternative pathway
The alternative pathway does not necessarily involve antibody
and represents non-specific ‘innate’ immunity. The proteins of
the alternative pathway form a feedback loop for the conversion
of C3 to C3b; the latter is both a product and reactant of this
loop.
Initiation of the alternative pathway is a two-step process

involving binding of C3b to an activator and its interaction
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Figure 16.6 The αβ T-cell receptor (TCR) complex. The αβ TCR is
composed of two polypeptide chains, each with a variable (open
ovoid) and constant (closed ovoid) domain. Peptide plus MHC is
recognized by the combined variable regions. The TCR is
surrounded by the CD3 complex of transmembrane signalling
molecules. This is composed of four types of polypeptide chain, γ,
δ, ε and ζ. Most peripheral T cells express CD4 or CD8 with their
TCR.

with neighbouring surface structures. Fluid-phase C3b is gen-
erated spontaneously and interacts with factor B to form a
complex. Factor B is then activated by factor D, releasing Ba
into the plasma and yielding a transient alternative C3 conver-
tase, C3bBb. The latter can be stabilized by properdin, which
is essential for preventing the dissociation of C3bBb by fac-
tor H. The alternative C3 convertase splits serum C3 into C3a
and C3b. C3b attaches to the cell surface and can then com-
bine with more factor B and D, thereby restarting the feedback
loop.

The lytic phase of the complement sequence
(Figure 16.7)

The lytic phase starts with the activation of C5 by C3b, yield-
ing membrane-bound C5b and fluid-phase C5a. This step is fol-
lowed by non-enzymatic interaction of C5b with C6, C7, C8 and
C9. Thesemolecules adhere to each other to form themembrane
attack complex and insert themselves into the lipid bilayer of
the target cell. C8 catalysed by C9 produces protein-lined cylin-
ders to form pores through which ions and water can enter.
The importance of the lytic phase of the complement cascade
in the pathogenesis of paroxysmal nocturnal haemoglobinuria
is apparent when considering the efficacy of eculizumab IgGk
anti-C5monoclonal antibody therapy in themanagement of this
disease.
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Figure 16.7 The complement cascade. Component C3b plays a central role in the classical and alternative pathways.
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Figure 16.8 Schematic representation of the organization of the HLA gene complex to demonstrate the extent of MHC polymorphism.
This is a simplified diagram of the main genes that encode MHC class I and MHC class II molecules and their exceptional polymorphism.
For the latest information on HLA alleles go to http://hla.alleles.org (accessed May 2015).

Polymorphism of MHC molecules

There is extensive polymorphism of MHC class I and class II
molecules which is presumed to have been driven by evolution-
ary selection against infectious disease (Figure 16.8). These were
first recognized as targets for allograft rejection and the allelic
forms of the MHCmolecules differ in the fine structure of their
MHC-binding grooves. This is reflected in differences in the
range of peptides that different MHC alleles can present to T
cells. The alleles on each chromosome 6 comprise theMHChap-
lotype of that chromosome. It follows that approximately one in
four siblings share the same MHC haplotype on both chromo-
somes. For the purposes of stem cell transplantation, the patient
and donor must usually be fully matched for HLA alleles and
thus only 25% of siblings are appropriate for donation.
Certain MHC alleles are associated with relative protection

against specific infections. Conversely, some alleles, or com-
binations of alleles, are associated with a greater chance of devel-
oping autoimmunity. Many diseases, including diabetes melli-
tus, Graves disease and ankylosing spondylitis, are distinctly
more common in individuals with a particular MHC allele or
MHC haplotype.

Generation of antigen-specific receptors
on T and B lymphocytes

There are six pairs of genes that encode antigen-specific recep-
tors: three for immunoglobulin (κ and λ light chains, and heavy
chains) and three for TCRs (β, γ and a combined α and δ locus;
see Table 16.2). These genes show marked similarities, indicat-
ing that the gene complexes evolved from a common precur-
sor gene. The genetic organization of the variable-region genes
and the way in which they are rearranged can generate a huge
diversity of antigen recognition structures for subsequent dis-
play on the surface of mature B and T lymphocytes. For T cells,
this is the only way in which diversity of the variable-region
structure is achieved. In B cells, there is an additional mecha-
nism that increases the variable-region gene repertoire. This is
called somatic hypermutation, which is activated during B-cell

maturation in germinal centres and which introduces mutations
into the rearranged immunoglobulin variable-region genes.
Both the immunoglobulin and TCR variable-region genes

have to undergo a process of gene rearrangement from their
germline configuration before they can encode an antigen recog-
nition structure. As an example, the immunoglobulin heavy
chain gene is located at 14q32.3 and the germline organization of
the part of the gene that encodes for the variable region of IgH is
shown at the top of Figure 16.9. The variable-region component
of the immunoglobulin heavy chain gene is divided into three
types of gene segment: V segments, D segments and J segments.
A large number of individual V gene segments are encoded
within the genome. The V gene segments are longer than J or
D segments and encode much of the framework of the variable-
region domain, together with the first and second hypervariable
regions (known as the complementarity-determining regions,
CDR1 and CDR2). The CDR1 and CDR2 regions encode two
of the three parts of the variable region that determine the anti-
genic specificity of the heavy-chain V region.
There are fewer D and J gene segments. The third hypervari-

able region (CDR3) is encoded at the site of joining of one of the
functional D segments with any one of the functional J segments
and includes the downstream end of one of the V segments.
Heavy-chain rearrangement involves two looping-out manoeu-
vres (Figure 16.9). In the first of these, one of the J segments
becomes spliced to one of the D segments and the intervening
sequences are deleted. Next, one of the two rearranged D–J pairs
becomes linked to one of the V segments and again the interven-
ing sequences are deleted. The association of segments appears
to occur at random and the theoretical number of different vari-
able region genes thatmight be generated in this way is the prod-
uct of the number of functional V, D and J segments, i.e. about
8262. In practice, D to J and V to D–J joining is not exact and
additional random nucleotides may be added at the point where
the gene segments join. This results in very much greater diver-
sity, which is seen only in CDR3 and which includes both the D
to J and V to D–J junctions.
The diversity of CDR1 and CDR2 is therefore much less

than that of CDR3. Junctional diversity in CDR3 is sufficiently
great to allow the conclusion that B cells with the same CDR3
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Table 16.2 The variable region genes of human T-cell and B-cell
antigen receptors.

Gene segments

Approx.
Gene complex

Chromosomal
location Type number

Immunoglobulin
heavy chain

14q32.3 VH 51
DH ∼27
JH 6
CH 10

Immunoglobulin κ
light chain

2p12 Vκ 40
Jκ 5
Cκ 1

Immunoglobulin λ
light chain

22q11 Vλ ∼29
Jλ 4
Cλ 4

TCR α-chain 14q11.2 (contains
TCR δ locus)

Vα ∼70
Jα 61
Cα 1

TCR δ-chain 14q11.2 (between
Vα and Jα of
TCR α)

Vδ ∼4
Dδ 3
Jδ 3
Cδ 1

TCR β-chain 7q32.5 Vβ 52
Dβ 2
Jβ 13
Cβ 2

TCR γ-chain 7p15 Vγ 12
Jγ 5
Cγ 2

C, constant regions; D, diversity segments; J, joining segments; V, variable
sements.
Where the number of functional gene segments is uncertain, this is
denoted by ‘∼’. There are many non-functional gene segments
(pseudogenes); these are disregarded in this table. Because TCR α and δ
genes are encoded in the same gene complex on chromosome 14,
successful rearrangement of the TCR α genes inevitably results in looping
out of the δ genes so that α and δ genes cannot be coexpressed.

sequence are almost certainly derived from the same clone and
this fact is used widely to identify the origin and relationship of
malignant B cells.

B lymphopoiesis

B-cell production starts in the fetal liver at the end of the first
trimester of pregnancy and normally ceases at this site later in
pregnancy. Subsequently, B cells are also produced in the bone

marrow and production in this tissue continues throughout life
such that approximately 2% of adult marrow mononuclear cells
are B-cell progenitors.
The events that occur as cells differentiate towards B cells

are summarized in Figure 16.10. The associated phenotypic
changes are set out in Table 16.3. The earliest signs associ-
ated with differentiation of haemopoietic cells towards the B
lineage are the expression of CD19, CD24 and MHC class II
molecules on the cell surface and CD22 inside the cell. These
changes are followed by the expression of molecules such as
the recombinase-activating genes RAG1 and RAG2, which are
involved in immunoglobulin gene rearrangement.
Almost always, heavy-chain gene rearrangement precedes

light-chain gene arrangement. The first rearrangements to occur
are in the joining of one of the J segments to oneD segment, with
the looping out of the intervening sequences. If this is success-
ful, the rearranged V–D–J sequence will be transcribed together
with the genes encoding the μ constant region. After translation
of this transcript, the cell has cytoplasmic μ heavy chain and
is known as a pre-B cell. During all the preceding stages of B
lymphopoiesis, cells showing differentiation towards B cells are
known as pro-B cells.
Only one functional VDJ rearrangement is made by each B

cell and this allelic exclusion of antigen receptor genes means
that only one functional antigen-binding protein is expressed on
the surface of the cell. Cells that fail to make a single functional
rearrangement die by apoptosis.
The enzyme terminal deoxynucleotidyltransferase (TdT) is

expressed during variable-region gene rearrangement and intro-
duces non-encoded (N) sequences at the junctions of V to D–J
and D to J. The enzyme is expressed both in pro-B cells in the
marrow and in cortical thymocytes during TCR gene rearrange-
ment. B cells express only a single light chain and the ratio of
κ-expressing B cells to λ-expressing B cells is close to 60:40. Dis-
turbance of the κ/λ B-cell ratio is a reliable indicator of the pres-
ence of a neoplastic clone.
Intact heavy chains can be exported to the surface of a B

cell only if they are complexed with light chain or surrogate
light chain. This does not apply to free light chains, which are
able to pass out of B cells and plasma cells. Physiological light
chain production is always greater than that required to com-
plex all the available heavy chain, and measurement of serum
free light chain is now a useful tool in the management of para-
proteinaemia. The heavy chains that are secreted in heavy chain
disease are able to leave the cell only because they are truncated
heavy chains.

T-cell production and selection in the
thymus

Although the earliest progenitors of T cells are produced in the
bone marrow, the development and selection of most mature
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Figure 16.9 Immunoglobulin heavy-chain variable-region genes
and their rearrangement. The germline structure of the
variable-region gene complex is shown in the top line. The genes
are present in this form in haemopoietic stem cells. The
approximate number (n) of VH, DH and JH segments are given in
Table 16.1. The constant-region genes are downstream of the
V-region genes. The first of these, μ, encodes the IgM heavy chain
constant-region domain. This is followed in sequence by δ, γ3, γ1,
a non-functional pseudo-ε gene, α1, γ2, γ4, ε and α2. The boxes
represent exons and the lines introns. During rearrangement, first
one of the J segments becomes aligned with one of the D segments
and the intervening sequences are deleted. The aligned DJ pair
then becomes linked to one of the V segments and again
intervening sequences are deleted. If this V to DJ rearrangement is

able to encode a variable region, then there is no V to DJ
rearrangement on the other chromosome; if it has been
unsuccessful (e.g. the rearrangement is out of frame) the cell goes
on to attempt to rearrange a V segment to the DJ on the other
chromosome. The D to J and V to DJ alignment is made possible
by the presence of recombinase signalling sequences that flank: (i)
the upstream end of each J segment and the downstream end of
each D segment and (ii) the upstream end of each D segment and
the downstream end of each V segment. Additional diversity at the
junctions between the rearranged V, D and J segments results in
part from imprecise splicing and partially through the insertion of
additional non-encoded (N) base pairs at the D to J and V to DJ
junctions through the action of terminal
deoxynucleotidyltransferase.

immunologically competent T cells occurs in the thymus. The
thymus is an encapsulated gland that is organized into lobules by
capsular septa.Within each lobule, there is a complexmeshwork
of epithelial and other cells that are responsible for regulating the
development of prothymocytes into mature T cells. The subcap-
sular region of the thymus is divided into the more peripheral
cortex and the deeper medulla.
CD8 and CD4 thymocytes are selected on the basis of their

potential to recognize peptides held in association with either
MHC class I or MHC class II molecules, respectively. During
the development from prothymocytes tomature lymphocytes, T
cells pass from the outer cortex, through the inner cortex and on
through the medulla before emerging as immunocompetent T
cells in the peripheral circulation. T cells whose TCR molecules
fail to engage with MHC–peptide complexes within the thy-
mus die by neglect, whereas those whose TCR can interact with
these complexes are subject to positive and negative selection

(see above). It has been estimated that 95% of all thymocytes
die within the thymus either as a result of failure to rearrange
their TCR genes in an expressible form or as a consequence of
elimination during the T-cell selection process.
Thymic epithelial cells in the cortex are critical in the positive

selection of thymocytes that have moderate affinity for MHC–
peptide complexes. The boundary of the cortex and medulla is
populated by macrophages (often called sentinel macrophages)
that phagocytose cells undergoing apoptosis. The medulla con-
tains medullary thymic epithelial cells (mTEC) which mediate
the process of negative selection. Interestingly, these cells express
the autoimmune regulator (Aire) protein which leads to tran-
scriptional expression of a wide range of cellular genes, there-
fore ensuring that tolerance is achieved to proteins expressed in
a range of peripheral organs. Structures known as Hassall cor-
puscles, which are whorled aggregates of epithelial cells, can also
be seen in the medulla though their function is uncertain.
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Figure 16.10 Outline of the main stages of B lymphopoiesis. The
central process in B-cell formation is the rearrangement of
immunoglobulin variable-region genes. For rearrangement of
V-region genes to occur in either T or B cells, the
recombinase-activating genes RAG1 and RAG2 have to be
expressed. Absence of these genes totally blocks further

differentiation towards B or T cells. After a successful heavy-chain
VDJ has been made, a B cell must express the heavy chain with the
surrogate light chain composed of VpreB and λ5 if further
differentiation is to occur. Cells that fail to make either a
productive heavy- or light-chain rearrangement destroy
themselves by apoptosis.

TCR gene rearrangements and phenotypic
changes

Bone marrow-derived T-cell progenitors (prothymocytes) seed
the subcapsular region of the thymic lobule (Figure 16.11). At
this stage of ontogeny the cells have not started to rearrange their
TCR genes, do not express the mature T-cell markers CD3, CD4
or CD8, and may be identified by expression of CD7 and CD34.
Interaction with the thymic stroma is accompanied by expres-
sion of CD2 and cytoplasmic expression of CD3 genes. By this
stage, the cell is committed to the T-cell lineage and TCR gene
rearrangement is underway.
The configuration of the TCR and its genes is discussed in

the section on antigen-specific receptors on T and B cells and
is summarized in Figure 16.5 and Table 16.2. During early fetal
development, the first cells to leave the thymus as mature T cells

have successfully rearranged their γ and δ genes and express the
γδ form of the TCR. During later stages of human fetal develop-
ment and throughout the rest of life, 85–98% of T cells that leave
the thymus have undergone successful α and β gene rearrange-
ment and express the αβ TCR.
Rearrangement of the gene encoding the TCR β-chain occurs

first with D to J rearrangements followed by V to D–J rearrange-
ments (Figure 16.11). TCR α-chain gene rearrangement is then
initiated.

The B-cell repertoire

B cells constitute around 10–20% of the peripheral lymphoid
pool and two broad lineages have been recognized, B1 cells and

Table 16.3 Phenotypic changes during B-cell lymphopoiesis.

Surface
CD34

Cytoplasmic CD22
with surface CD19

and CD24
Nuclear
TdT

Surface
CD10

Surface
CD20

Cytoplasmic
𝛍

Surface
IgM

Pro-B cell + + + − − − −
Early pre-B cell + + + + − − −
Late pre-B cell − + − + + + −
Virgin B cell − + − − + + +

TdT, terminal deoxynucleotidyltransferase.
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Figure 16.11 T-cell maturation in the
thymus. Molecules in yellow are depicted
without the prefix CD. T-cell progenitors
enter the thymus from the marrow or other
primary lymphoid site to become a
prothymocyte. At this stage their T-cell
receptor (TCR) genes are in germline
configuration. Prothymocytes proliferate in
the outer cortex and then TCR
rearrangement starts: first, β-chain genes are
rearranged, then these are expressed with a
surrogate α-chain (pre-T α–); after this,
α-chain genes rearrange. As with B cells,
these rearrangements require RAG1 and
RAG2 genes to be expressed, and junctional
diversity is increased by the addition of N
sequences using terminal
deoxynucleotidyltransferase.

conventional (or B2) cells. B1 cells are the predominant B-cell
subtype in fetal life and during the first year after birth, and are
capable of antigen-independent self-renewal in the periphery.
The antigen-binding specificity of the antibodies produced by
these cells tends to have broad reactivity including autoreactiv-
ity. The function of B1 cells and the background IgM antibody
they produce is still far from clear. It has been suggested that
they may play a regulatory role in selection of the B-cell reper-
toire and they are highly conserved during evolution. B1 B cells
often express CD5 and share many features in common with the
malignant cells of B-cell chronic lymphocytic leukaemia.
The majority of B cells are conventional (B2) B cells and are

produced in the marrow after the first year of life. Three stages
of conventional B-cell differentiation can be identified: newly
produced virgin B cells, recirculating B cells and marginal zone
B cells (Table 16.4). Most recirculating B cells are virgin cells,
whereas the B cells of the marginal zones do not recirculate and
are a mixture of virgin and memory cells.
Naive B cells are small non-dividing virgin B lymphocytes that

classically are positive for surface IgM and IgD. They are in a
constant state of migration between the follicles of secondary
lymphoid organs. On their way to the follicles, they migrate
through the T-cell-rich zones that contain antigen-presenting
cells and have an average lifespan of 4 weeks or more.
Marginal zone cells, like recirculating B cells, respond to T-

cell-dependent antigens and to bacterial cell wall lipopolysac-
charides (thymus-independent type 1, or TI-1, antigens). Unlike
recirculating B cells, they will also respond to bacterial cap-
sular polysaccharides. Capsular polysaccharides are thymus-
independent type 2 (TI-2) antigens. These antigens do not evoke
antibody responses until several months after birth, and levels
of antibody produced in response to these antigens do not reach
adult levels until 5 years of age.

The T-cell repertoire

Themajority (around 95%) of peripheral T cells express αβTCR.
When these αβT cells leave the thymus,most express either CD4
or CD8 on their surface and are restricted to the recognition
of peptides in the context of MHC class II or class I molecules,
respectively. A minority of T cells express a γδ TCR and exhibit
antigenic specificity for non-peptide molecules.

CD4+ and CD8+ T cells and their functions

CD4+ T cells can have one or more of a variety of functions.
Their major role is in the provision of signals that induce prolif-
eration or differentiation of T or B cells, generally known as T-
cell help. They can also activate macrophages and may mediate
HLA class-II-restricted cytotoxic activity. Increasing attention is
being given to their regulatory role in T-cell immune responses
and this is mediated through a FoxP3-positive subset of T regu-
latory cells.
CD8+ T cells have a predominant role in the recognition of

virally infected cells and recognize antigen in association with
HLA class I. Antigen recognition is followed by lysis of the target
cell and secretion of cytokines such as interferon (IFN)-γ. There
are two main killing mechanisms, which both induce apop-
tosis in the target cell. Firstly, enzymes known as granzymes
and pore-forming molecules termed perforins are transferred
from the T cell to the target cell. Granzymes and perforins are
present in granules that stain crimson and are easily seen against
the featureless pale cytoplasm of cytotoxic T cells and NK cells
in Jenner–Giemsa preparations. These features have given rise
to the term ‘large granular lymphocyte’. The second cytotoxic
mechanism involves the expression of the Fas ligand (FasL) by
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Table 16.4 Differences between the three main types of human B cell found in adults.

Marrow IgM+, IgD− Recirculating Marginal zone

Diameter ∼8 μm ∼10 μm
Chromatin Condensed Condensed Open
Cytoplasm volume/basophilia Scanty/little Scanty/little Moderate/moderate
Proliferating No No No
Lifespan About 3 days 4 weeks or more 3 weeks or more
Antigen-independent
movement

Migrate from marrow to
secondary lymphoid tissue

Migrate between the
secondary lymphoid tissues

Remain in the marginal zones

Surface immunoglobulin IgM IgM and IgD IgM or IgG or IgA
Memory or virgin All virgin Almost all virgin Variable mixture of virgin and

memory
Immunoglobulin V-region
mutations

None Not present Present in memory cells

Molecules expressed on the cell surface
CD19, CD20, CD37, CD40
and class II MHC

Positive Positive Positive

CD21, CD39 Negative Positive Positive
CD5 Negative Some positive Negative
CD23 Negative Positive Negative
CD25 Negative Negative Positive
CD38 Negative Negative Negative

Capacity to respond to different classes of antigen
Bacterial cell wall
lipopolysaccharide

+ + +

Bacterial capsular
polysaccharide

− − +

Protein-based antigens + + +

IgM+, IgD− cells of the marrow are representative of newly produced virgin B cells.

the effector cell. The resulting engagement of Fas on the target
cell induces the target to undergo apoptosis. Fas is a member of
the TNF receptor family and FasL is an analogue of TNF-α and
TNF-β.
Once the peripheral T-cell pool is established, it can main-

tain itself without further input from the thymus. Even neonatal
thymectomy in humans during cardiac surgery does not cause
clinically noticeable immunodeficiency, indicating that T-cell
clones can be very long-lived.Unlike the peripheral pool of recir-
culating B cells, which cannot replenish itself when depleted,
small numbers of transferred recirculating T cells will prolifer-
ate to fill a depleted peripheral T-cell pool in a process known as
homeostatic proliferation.

Natural killer cells

NKcells are cytotoxic lymphocytes that lack expression of a TCR
and have a range of functional activities in the immune system.

They express a range of inhibitory and activating receptors and
it is the balance of signals received through these molecules that
determines whether the target cell will be recognized. Inhibitory
signals include: (i) killer inhibitory receptors (KIRs) that bind to
HLA-C or HLA-B alleles on the surface of the target cell and
(ii) CD94–NKG2 heterodimers that bind to HLA-E. Activating
receptors include: (i) activating forms of KIR molecules, whose
ligands are uncertain at present, (ii)NKG2D,which binds to pro-
teins such as MICA and ULBP expressed on cells under phys-
iological stress, and (iii) the immunoglobulin receptor (FcR)
CD16.
HLA class I expression is often downregulated on the surface

of cells following viral infection and is also a common feature
of malignant cells. This provides some protection from recogni-
tion by CD8+ T cells, but renders the cell susceptible to lysis by
NK cells (Figure 16.12). Thus, CD8+ T cells and NK cells can be
viewed as having complementary recognition systems based on
the level of HLA class I on the target cell. The ability of NK cells
to recognize ligands such as MIC-A, which are expressed on the
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Figure 16.12 Mechanism by which NK cells kill target cells that
fail to express HLA class I. NK cells express two classes of receptors
which either inhibit (a) or activate (b) NK cell killing. Activating
receptors can bind to a range of ligands on the target cell whose
expression is often constitutive. In contrast, the major forms of
inhibitory receptor bind to HLA class I molecules. If HLA class I
expression is downregulated on the target cell, no inhibitory signal
is delivered to the NK cells and the target cell is killed.

surface of damaged or stressed cells, demonstrates that NK cells
may also have the ability to target cells at the site of inflamma-
tion, irrespective of HLA class I expression level.
The lyticmechanisms of NK cells seem to be the same as those

used by cytotoxic T cells. NK cells proliferate in the presence of
IL-2 and their activity can be augmented by exposure to IFN-γ.
They characteristically express a range of receptors such asCD56
(NCAM) and CD57, but these are also expressed on a subset of
T cells.

Natural killer T cells

Natural killer T (NKT) cells represent a small (< 1%) popu-
lation of peripheral blood T cells and appear to be positioned

Efferent
lymphatic

Afferent lymphatics

Subcapsular sinus

Marginal zone

Medullary cords

T zones

Follicles
Intranodal
lymphatic

Figure 16.13 The main compartments of a lymph node. Note that
the size of the marginal zone is variable; although it is often
obvious in mesenteric lymph nodes, it may not be obvious in small
nodes such as the popliteal nodes, particularly if these have not
been sites of recent immune responses.

somewhere between conventional T cells and NK cells in that
they express a TCR, but also a range of receptors typically asso-
ciated with NK cells. Moreover, the TCR is invariant, with the
same Vβ11Vα24 heterodimer being expressed on all cells. NKT
cells recognize lipid antigens presented on the surface of CD1d
molecules, CD1d being a protein with homology to MHC class
I. It appears that NKT cells are activated very early in an immune
response, although their functional significance is uncertain.

The immune response

In this section we consider how an immune response is devel-
oped within the secondary lymphoid tissue. The general struc-
ture of a lymph node is shown in Figure 16.13 to provide an
anatomical context for immune physiology.
Lymph nodes have an afferent lymphatic supply that is fed by

lymph draining the extravascular tissue spaces and this provides
the main source of antigen for the node. Dendritic cells acti-
vated by local disturbance take up and process antigen, and then
pass through afferent lymph into lymph nodes (Figure 16.14).
The afferent lymph passes into the subcapsular sinus, which
forms a lake of lymph that covers the cortical surface of the
node. From the subcapsular sinus, lymph passes through intra-
nodal lymph sinuses that surround and separate the cone-like
segments that make up the solid tissue of the node. Attached
to these and the walls of the tissue cones are macrophages and
other poorly defined cells. Increased numbers of these cells in
the intranodal lymph sinuses and similar cells in the subcapsu-
lar sinus are described by histopathologists as sinus histiocyto-
sis. In the medulla, the intranodal lymph sinuses feed into the
efferent lymphatic vessel that returns the lymph to the venous
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Figure 16.14 T-cell priming and T-cell-dependent B-cell activation
in a lymph node. Local disturbance induces dendritic cells in the
tissues to take up material from their surroundings. Ingested
proteins are processed to peptides inside the cell. Dendritic cells
that have taken up antigen migrate through afferent lymphatics to
draining lymph nodes or through the blood to the spleen. By the
time they reach a T zone, they have differentiated into
interdigitating cells (IDCs), which are specialized at presenting
antigenic peptides, held in MHCmolecules, to recirculating T
cells. Virgin T cells migrating through the T zones move over the
surface of the interdigitating cells and are activated if they meet

antigen they recognize. As the result of this priming process, they
move to the outer T zone and become targets for B cells that have
taken up and processed antigen. B cells activated by these T cells
migrate to extrafollicular foci of B-cell proliferation – the
medullary cords in lymph nodes – where they generate short-lived
plasma cells. Other B cells migrate to follicles where they may form
germinal centres. T cells, after a brief period of proliferation in the
T zone, either leave the node as effector cells/recirculating memory
T cells or migrate to follicles, where they proliferate further and
participate in the selection of B cells that have mutated the
immunoglobulin variable-region genes in germinal centres.

blood supply; in the case of the gut and lower half of the body,
via the thoracic duct to the left subclavian vein. The solid tis-
sue of the node is composed of variable numbers of roughly
cone-like segments (Figure 16.13). The base of each cone abuts
onto the subcapsular lymph sinus in the cortex of the node and
the apex is in the medulla. These cones fit together, but are

separated by the intranodal lymphatic sinuses, to form the
roughly kidney-shaped structure of lymph nodes. The cones
have three main zones: the follicles in the cortex, the T zones
and the medullary cords. The medullary cords form a convo-
luted apex to the cone. The contents and functions of each of
these zones are described in detail in subsequent sections. The
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blood supply to the node enters and leaves the node through the
medulla, and the specialized small blood vessels termed high
endothelial venules are located in the T zones. Virgin B and T
cells, and somememory cells, enter the T zone by passing across
the high endothelial venules. Here they encounter IDCs (Fig-
ure 16.14), which present peptides on MHC molecules and ini-
tiate immune responses. The series of stages leading to T-cell-
dependent B-cell activation in the T zones is shown in Figure
16.14. If a T cell is able to recognize a peptide–MHC complex,
it is activated through TCR signalling. Co-stimulation is pro-
vided by interaction betweenmolecules such as CD80 andCD86
expressed on IDCs and CD28, which is constitutively expressed
by T cells. The effect of this interaction is to bring about changes
in the T cell that are collectively called T-cell priming (Figure
16.15).
Cytokines are produced by the T cell following this interac-

tion and the nature of the cytokines produced in different situ-
ations is considered later. Short-term proliferation of the T and
B cells is also induced, and most B cells migrate to local sites
of antibody production. In the spleen this is the red pulp, and
in lymph nodes the medullary cords. The lifespan of most of
these plasma cells is 3 days. The extent of immunoglobulin class
switching will depend on the conditions of dendritic cell acti-
vation and T-cell priming. In primary antibody responses, the
plasma cells generated byB-cell activation inT zones do not have
somatic mutations in their immunoglobulin V-region genes. On
the other hand, in secondary responses, marginal-zone memory
B cells that have somatic mutations in their V-region genes can
be induced to migrate to T zones on contact with antigen and
give rise to short-lived plasma cells.
The other pathway of migration of T and B cells activated

in T zones is to the follicles. Both antigen-specific B blasts
and T blasts migrate to the follicles at an early stage in T-zone
responses and give rise to germinal centres. Germinal centres
are present in the first 3 weeks following an immune response
and build around B blasts that migrate to follicles and undergo
massive clonal expansion such that the spaces in the follicular
dendritic cell (FDC) network become filled with blasts. At this
stage, changes occurwhereby the classical germinal centre struc-
tures of dark and light zones develop. The dark zone is formed
by the blasts moving to the edge of the FDC network next to
the T zone. These blasts, now termed centroblasts, activate the
somatic hypermutationmechanism that acts on their rearranged
immunoglobulin V-region genes. Centroblasts continually give
rise to centrocytes, non-dividing cells thatmigrate into the FDC
network that forms the light zone of the germinal centre. Cen-
trocytes either leave the light zone within 12 hours or die in situ.
They can leave the light zone only if they receive antigen-specific
selection signals.
Centrocytes pick up antigen from FDCs in order to process

peptides for T-cell recognition. This requirement for the B cells
to receive T-cell help in the germinal centre protects against
potential autoimmune responses, as those B cells that have

T cell

B cell

B7

CTLA4 CD4 CD40L

Class II CD40

CD3

TCR

Figure 16.15 Surface molecules involved in T-dependent B-cell
activation in T zones. B cells take up antigen that they bind
specifically through their surface immunoglobulin. This is
internalized, broken down to peptides and the peptides are
presented on the B-cell surface, held in the peptide-binding
grooves of MHC class II molecules. Cross-linking of surface
immunoglobulin by antigen induces the endocytosis of the
antigen–antibody complex and signals upregulation of CD40
expression and de novo B7.1 and B7.2 expression. If this B cell
interacts with a primed T cell that recognizes the peptide complex
with class II MHC molecules, there will be co-stimulation through
the molecule CD28, which is constitutively expressed by CD4 T
cells, and this can result in further signalling through
co-stimulatory molecules that are transiently expressed on the
T-cell surface; CD40 ligand exemplifies these transiently expressed
signalling molecules. These interactions can lead to B- and T-cell
proliferation and differentiation and may also induce cytokine
secretion by the cells. Cytokine receptor expression by the B cell
and the T cell is initiated or upregulated. The arrows indicate that
TCR engagement induces CD40 ligand expression and that
engagement of these molecules by their counterstructures on the B
cell delivers further signals to the T cell. CD40 ligation induces
immunoglobulin class switching in the B cell and migration as
indicated in Figure 16.12.

developed reactivity against autoantigens are unlikely to receive
selection signals from germinal centre T cells. Centrocytes that
survive selection within germinal centres leave the light zone as
either plasmablasts ormemory B cells. The plasmablastsmigrate
to bonemarrowor the lamina propria of the gut and differentiate
into plasma cells.
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Immunoglobulin class switching

Most plasma cells and memory B cells undergo switch recom-
bination in which rearranged V-region genes become linked to
heavy chain constant region genes downstream from IgD. This
process is similar to immunoglobulin variable gene rearrange-
ment, with the DNA forming loops between complementary
switch region genes that lie upstream of each set of heavy
chain gene exons. The order of the heavy chain constant-region
genes that encode the different heavy chain isotypes is located
downstream from the variable-region genes: μ, δ, γ3, γ1, a
non-functional pseudo-ε gene, α1, γ2, γ4, ε and α2. Thus,
switching to γ2 involves looping out μ, δ, γ3, γ1, pseudo-ε and
α1. Switch recombination within B cells is driven by cytokines
produced following recognition by antigen-specific T cells,
and variation in the distribution of immunoglobulin isotypes
underlies disorders such as allergy in which there is excess IgE
production.

Differentiation of primed T cells into effector
cells

Following recognition of antigen, most CD8+ T cells differ-
entiate into cytotoxic effector cells. Differentiation of primed
CD4+ cells is directed into one of four major pathways (Figure
16.16) and it appears that factors such as the nature of the
antigen, associated inflammatory stimuli and the affinity of
T-cell engagement can influence the subtype of CD4 T cell that
is produced. CD4+ T cells stimulated in the presence of IL-12,
which is produced bymacrophages and dendritic cells, are more
likely to differentiate into Th1 cells. In contrast, IL-4 produced
by either NKT cells or Th2 cells promotes production of Th2
cells and inhibits Th1 cell formation.
Th1 cells produce cytokines that are associated with

macrophage activation, granuloma formation and delayed
hypersensitivity. These cytokines are principally IL-2, IFN-γ
and TNF-β. Macrophages work in concert with Th1 cells
to provide a major mechanism by which mycobacteria and
other pathogens are destroyed. Inflammatory CD4+ T cells
enhance this activity through the action of cytokines following
recognition of peptides presented by MHC class II molecules
on macrophages. Some Th1 cells have cytolytic potential and
can kill infected macrophages through granzyme/perforin or
Fas ligand.
Th2 cells produce cytokines associated with antibody pro-

duction, particularly IL-4, IL-10 and, in some instances, IL-6,
although the last of these is mainly produced by macrophages
and osteoclasts.
Th17 cells produce large amounts of the cytokine IL-17 and

are associated with inflammatory disorders. They may play an
important role in the control of fungal disease and could rep-
resent an important target for future immunotherapeutic inter-
ventions.
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Figure 16.16 Maturation pathways of CD4+ T helper cells. CD4+

T cells that have been activated by antigen acquire the capacity to
produce cytokines. The cytokines that they produce depends on
the environment in which they are activated. Two major subsets of
effector Th cell are recognized, Th1 and Th2 cells. The cytokines
produced by Th1 cells tend to promote further Th1 cell formation
and inhibit Th2 cell formation, and IL-4 produced by Th2 cells
promotes further differentiation towards Th2 cells. Th1-promoting
cytokines are also produced by activated macrophages, dendritic
cells and NK cells, whereas mast cells produce IL-4. Th17 cells are
an additional effector subset that is induced through the activity of
IL-23 and produce large amounts of IL-17 and IL-22. T regulatory
cells can be induced through the activity of transforming growth
factor (TGF)-β and play an important role in the control of
autoimmune responses. IDC, interdigitating dendritic cell.

The balance between Th1 and Th2 cells can be an important
determinant of immunopathology. Tuberculoid leprosy exem-
plifies apparent dominance of a Th1 response, while atopic dis-
ease seems to reflect an imbalance towards Th2. Nevertheless,
manipulation of these cytokine networks provides a potential
means of modifying established immune responses to avoid the
complications associated with over activity of either Th1 or Th2
cells.

Regulatory CD4+ T cells

Immunological tolerance is mediated by a number of mecha-
nisms, including deletion of self-reactive B and T cells in the
bone marrow and thymus respectively. In addition, it is now
clear that a specialized population of T lymphocytes can actively
suppress immune responses. These cells have been termed
regulatory T (Treg) cells and their dominant phenotype is that
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of expression of the transcription factor FoxP3 in association
with CD4. In addition, these cells usually express high levels of
CD25, the IL-2 receptor α-chain, as well as low levels of CD127,
a component of the IL-7 receptor. Treg cells are involved in
maintenance of peripheral T-cell tolerance to self antigens and
protection against autoimmunity. They constitute approximately
1–5% of peripheral blood CD4 lymphocytes andmay be derived
either from a discrete thymic lineage (natural Treg cells) or
following the differentiation of CD4+CD25− T cells in the pres-
ence of cytokines such as transforming growth factor (TGF)-β
(induced Treg cells). The role of Treg cells in a range of human
diseases is being explored at present and typically they are defi-
cient, in either number or function, in autoimmune disorders,
whilst relative overactivity may be apparent in malignant dis-
ease. Immunotherapeutic strategies that involve cellular therapy
with Treg cells, or which utilize reagents such as anti-CTLA-4
antibody to suppress their function, are now in clinical trial.

The role of co-stimulatory blockade in the
treatment of malignant disease

Whenever a T cell or NK cell recognises a potential antigen on
a target cell, the decision as to whether or not the cytotoxic
cell is activated will depend on the balance between the acti-
vatory and inhibitory signals that the effector cell receives. The
immunoglobulin superfamily and the tumour necrosis factor–
TNF receptor superfamily are the two major gene families
that encode such molecules, and many different proteins are
expressed at various stages of cell differentiation and activation.
Themajor co-inhibitorymolecules include PD1, CTLA-4, LAG-
3 and BTLA, whereas co-stimulation is provided through pro-
teins such as CD28, ICOS, 4-1BB and OX40. A common find-
ing in patients with cancer is that lymphocytes that have the
potential to recognize and attack the tumour are ‘exhausted’ or
functionally inactivated due to an alteration in the balance of
inhibitory or activatorymolecules that they express on their sur-
face. This is believed to result from exposure to immune eva-
sion mechanisms that are mediated by the tumour cell. As such,
therapeutic monoclonal antibodies such as anti-PD1 and anti-
CTLA-4, which are able to block inhibitory signalling, are now
widely used in the treatment of cancer where they are showing
great promise. Indeed, antibody therapy against PD1 or its lig-
and PDL1 is achieving apparent long-term cure in a subset of
patients with solid tumours (Figure 16.17) and is also showing
huge promise in the treatment of Hodgkin lymphoma.

Chimeric antigen receptors in the treatment
of haemopoietic malignancy

As discussed earlier, in recent years there have been consider-
able advances in the understanding of the structure and bio-
chemistry of signallingwithin immune receptor complexes. This
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Figure 16.17 Activity of anti-PD-1 antibody in patients with
treatment-refractory melanoma. The plot shows change in tumour
burden in 27 patients with melanoma who received anti-PD-1
every 2 weeks. Patients who did respond usually showed an effect
within 16 weeks, which was durable in many cases. (Source:
Topalian et al., 2012. Reproduced with permission of the
Massachusetts Medical Society.)

has led to the development of artificial ‘chimeric antigen recep-
tors’ (CARs) which can be used in the treatment of malignant
disease. In most cases these involve grafting a monoclonal anti-
body onto an intracellular signalling domain, and then trans-
fecting this into effector lymphocytes using a viral or non-viral
vector. This process redirects the specificity of the lymphocyte
such that it is now able to kill target cells that express the target
for the monoclonal antibody. The ‘first generation’ CARs typ-
ically attached the antibody to the TCR zeta domain, whereas
the ‘second generation’ variants attached an additional intracel-
lular signalling domain such as one from CD28 or ICOS. Third
generation CAR molecules are proving to be the most power-
ful in clinical practice and they include multiple intracellular
signalling domains to maximise the proliferative and cytotoxic
capacity of the transfected cell. The greatest success so far has
been in the use of CD19-targeted CARs which are used in the
treatment of B cell malignancy (Figure 16.18).

Cytokines and their classification

Cytokines are soluble proteins produced by leucocytes and other
cells that influence the behaviour of cells that carry cytokine
receptors. Many are secreted, but others, such as TNF-α, are cell
membrane proteins that are active when bound to the cell that
produced them, but which also have activity as a soluble protein.
The potency of cytokines in vivo has been exemplified clearly
by the dramatic effects of recombinant granulocyte colony-
stimulating factor (G-CSF) in inducing accelerated recovery of
neutrophil counts after the administration ofmyelotoxic therapy
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Figure 16.18 Chimeric antigen receptors are useful in the
treatment of B cell malignancy. (a) Schematic representation of the
first, second and third generation CAR vectors. (b) Example of
bone marrow response in the treatment of chronic lymphocytic

leukaemia following the infusion of CD19-targeted
CAR-transfected autologous T cells. (Source: Porter et al., 2011.
Reproduced with permission of Massachusetts Medical Society.)

and the effect of interferon-α in the management of haemato-
logical malignancies. It seems likely that many cytokines act
only at very short range and some appear to be more potent as
membrane-bound forms than as released proteins. The families
of cytokines are summarized in Table 16.5.

Chemokines and their classification

Chemokines are a class of cytokines with chemoattractant prop-
erties and are all related in sequence. There are two groups,
the CC chemokines, which have two adjacent cysteine residues
in their sequence, and the CXC chemokines, in which these
two cysteine residues are separated by another amino acid.
Chemokine receptors are integral membrane proteins linked
to G-proteins and have seven membrane-spanning domains.
They are classified according to the type of chemokine that they
bind, i.e. CCR1–9 and CXCR1–5. Cells that express chemokine
receptors are attracted towards an increasing concentration of

chemokine molecules, and these interactions are critical to
many functions of the innate and adaptive immune response
(Table 16.6). Some chemokines are expressed in a constitu-
tive fashion, whereas others are released in response to inflam-
mation. Antibodies and drugs that block chemokines or their
receptors are being used in a range of different disorders,
including prevention of graft versus host disease after stem cell
transplantation.

Interpretation of blood lymphocyte
counts

Blood provides themost accessible view of the lymphoid system,
but it must be remembered that peripheral blood contains only
around 2% of total body lymphocytes. The cells present in the
blood are in transit and many are recirculating T and B lympho-
cytes that will pass rapidly into secondary lymphoid organs in
less than 30 minutes.
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Table 16.5 The cytokine and cytokine receptor families.

Cytokine family Members of family Type of receptor

β-Trefoil IL-1α, IL-1β Immunoglobulin family
Haemopoietins IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9,

IL-13, IL-15, GM-CSF
Class I cytokine receptor

IL-10, interferons Class II cytokine receptor
Tumour necrosis factor TNF-α, TNF-β Nerve growth factor receptor family
Cysteine knot NGF Nerve growth factor receptor family

TGF-β Serine threonine kinase
Chemokines IL-8, MIP-1α, MIP-1β, I-309, MCP-1,

MCP-2, MCP-3, γIP-10
Rhodopsin family

Table 16.6 The major chemokines within the CXC and CC subgroups.

Chemokine Production Receptors
Cells that are
attracted Effects

CXC subgroup
IL-8 Monocytes

Macrophages
Fibroblasts

CXCR1
CXCR2

Neutrophils
T cells

Inflammation
Angiogenesis

β-TG Platelets CXCR2 Neutrophils Inflammation
GROα,β,γ Monocytes

Endothelium
CXCR2 Neutrophils

T cells
Fibroblasts

Inflammation
Angiogenesis

IP-10 Endothelium
Monocytes
T cells
Fibroblasts

CXCR3 T cells
NK cells
Monocytes

Promotes Th1
immunity

Immunostimulation

SDF-1 Stromal cells CXCR4 Stem cells
Lymphocytes

Stem cell homing
Haemopoiesis

CC subgroup
MIP-1α Monocytes

T cells
Fibroblasts

CCR1, 3, 5 Monocytes
NK and T cells
Dendritic cells

Th1 immunity

MIP-1β Monocytes
Macrophages
Neutrophils
Endothelium

CCR1, 3, 5 Monocytes
NK and T cells
Dendritic cells

Th immunity

MCP-1 Monocytes
Macrophages
Fibroblasts
Keratinocytes

CCR2B Monocytes
NK and T cells
Dendritic cells

Th2 immunity

RANTES T cells
Endothelium
Platelets

CCR1, 3, 5 Monocytes
NK and T cells
Dendritic cells

Inflammation
T-cell activation

Eotaxin Endothelium
Monocytes
Epithelium

CCR3 Eosinophils
Monocytes
T cells

Allergy
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Table 16.7 Normal ranges for lymphocyte subsets in the blood.∗

0–2 2–3 4–8 1–2 2–5 5–12
months months months years years years Adults

Percentile 5 95 5 95 5 95 5 95 5 95 5 95 5 95
Total lymphocytes 3.2 8.5 2.9 8.8 3.6 8.8 2.2 8.3 2.4 5.8 1.8 5.8 1.0 3.4
CD3+ (all αβ and γδ T cells) 2.1 6.5 2.3 6.5 1.5 5.4 1.6 4.2 0.9 2.6 0.6 2.5
CD4+ (class II
MHC-restricted αβ T cells)

1.2 5.3 1.4 5.6 1.4 5.7 1.0 3.6 0.9 2.9 0.5 1.4 0.35 1.5

CD8+ (class I MHC-restricted
αβ T cells, some γδ T cells
and NK cells)

0.7 2.5 0.7 2.5 0.6 2.2 0.6 1.9 0.4 1.2 0.23 1.1

CD4/CD8 ratio 1.1 4.5 1.1 4.4 1.1 4.2 1.0 3.0 0.9 2.7 0.66 3.5
CD3−CD57+ or CD56+ NK
cells

0.3 0.7 0.2 0.6 0.2 0.7

CD19+ or sκ+ or sλ+ total B
cells

0.5 1.5 0.5 1.3 0.04 0.7

There is considerable variation in the normal ranges reported from different studies and this table is only intended to be illustrative.
∗All values (except CD4/CD8 ratio) are × 109/L.

The numbers of different lymphocyte subsets normally found
in the blood in different age groups is given in Table 16.7. These
numbers are derived from studies in which whole blood was
labelled by fluorescent dye/monoclonal antibody conjugates, fol-
lowed by red cell lysis and flow cytometry. When this method
is used to measure the proportion of lymphocytes that belong
to different subsets, much of the interlaboratory variation that
is observed in calculating absolute numbers of subsets can be
attributed to the method of measuring the total white cell count
and the percentage of lymphocytes. A wide range of results is to
be expected between different individuals. The most consistent
variation is seen in childhood, but from adolescence onwards
age-related changes are small and there is also little difference in
relation to ethnicity or gender.
Alteration of the lymphocyte count can result from an abso-

lute change in the number of cells or alteration in the distribu-
tion of lymphocytes within tissues. Redistribution of lympho-
cytes accounts for much of the variation in lymphocyte subset
numbers found in serial measurements within a healthy indi-
vidual. Some of these changes in lymphocyte number follow a
diurnal pattern, with peak levels at night and nadir in the morn-
ing; accordingly, time of sampling should be taken into account.
Increased number of effector cells in the blood usually reflects

an active immune response. Analysis of the phenotype of these
effector cells provides some information on the type of immune
response, especially in differentiating between cytotoxic and
inflammatory CD4+ T cells. Particularly in viral infections, this
response may be of sufficient magnitude to cause a lymphocy-
tosis. Some non-malignant causes of lymphocytosis are given in
Table 16.8.

Redistribution of lymphocytes is probably the cause of the
lymphocytosis seen in Bordetella pertussis infection. Although
lymphocytosis is uncommon in bacterial infections, in children
over the age of 6 months the second and third weeks of infec-
tion with pertussis are usually associated with a lymphocytosis
in excess of 10 × 109/L (in some cases > 50 × 109/L). The lym-
phocytosis consists of small lymphocytes and is believed to be
caused by a protein toxin from B. pertussis that prevents migra-
tion of lymphocytes across endothelium into tissue.

Table 16.8 Non-malignant causes of lymphocytosis.

Viral infections
Infectious lymphocytosis, infectious mononucleosis,
cytomegalovirus infection; occasionally rubella, hepatitis,
adenoviruses, varicella, HIV, human herpesvirus 6, mumps,
chickenpox, dengue

Bacterial infections
Pertussis; occasionally healing tuberculosis, brucellosis,
secondary and congenital syphilis, cat scratch fever, typhoid
fever, diphtheria

Protozoal infections
Toxoplasmosis; occasionally malaria

Other conditions
Serum sickness, allergic drug reactions, splenectomy, dermatitis
herpetiformis, metastatic melanoma, hyperthyroidism,
congenital adrenal hyperplasia
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Acute infectious lymphocytosis is a benign disease, usu-
ally of children. In most cases there are no symptoms, but in
some there is fever and in a small proportion gastrointestinal
symptoms. Increase in the size of secondary lymphoid organs,
anaemia and thrombocytopenia are rare. There is an increased
number of small lymphocytes, persisting for 3–7 weeks, with an
average peak level of 30–40 × 109/L. This is usually associated
with an eosinophilia (average 2 × 109/L), but the aetiology of
the condition is unknown.
Some lymphopenias predominantly reflect redistribution

rather than a depletion of total body lymphocyte numbers. A
dramatic short-term lymphopenia is induced by corticosteroids.
This causes the retention of lymphocytes in secondary lymphoid
organs but these are released again after about 2 days and the
blood lymphocyte count returns to near-normal levels. Endoge-
nous secretion of corticosteroids during acute illnesses may be
partly responsible for the lymphopenias often seen in conditions
such as heart failure or pneumonia. In many other conditions,
lymphopenia reflects an increased rate of death of lymphocytes
and/or a reduction in their rate of formation. Some of the causes
of secondary lymphopenia are listed in Table 16.8. A normal
absolute lymphocyte count can belie an underlying deficit of one
ormore lymphocyte subsets. This is often seen inHIV infection,
when a severe deficit of CD4+ T cellsmay be disguised by expan-
sion of CD8+ T cells.

Infectious mononucleosis

Infectious mononucleosis (IM) is caused by a primary infection
with Epstein–Barr virus (EBV), a herpesvirus which infects B
lymphocytes. EBV enters B cells via CD21, a surface receptor for
theC3d component of complement. After the acute infection has
been resolved, lifelong subclinical infection is maintained, with
a low frequency of infected B cells and detectable virus in the
saliva – a main vehicle for contagion.
EBV infection of children usually results in immunity without

development of the typical clinical manifestations of IM. This
immunity can be detected serologically and is associated with
lifelong protection. Usually only after the age of 10 years is infec-
tion by EBV associated with the clinical manifestations of IM. In
developing countries, the rate of seroconversion before the age
of 10 years can be so high that clinically evident IM is rare. IM
has its highest prevalence in young adults and a study of medical
students showed that the syndrome was seen in 25% of individ-
uals who underwent seroconversion. It is uncommon after the
age of 30 years and rare after the age of 40 years. The determi-
nants of clinical symptoms are unknown, but may relate to host
genotype, viral load or viral polymorphisms.

Clinical features

The symptoms of IM usually develop abruptly, with fatigue,
malaise and fever after an incubation period of up to 7 weeks.

These symptoms last for about 3 weeks. Sore throat occurs in
over 80% of cases and is usually accompanied by anorexia and
nausea. The sore throat develops in the first week and subsides in
the second week, rarely generating severe symptoms or massive
tonsillar/pharyngeal oedema. Sharply defined red spots at the
junction of the soft and hard palates are of diagnostic value. Pos-
itive throat swabs for β-haemolytic streptococci are frequently
found. Bilateral non-inflammatory cervical lymphadenopathy is
almost invariable, and inguinal and axillary lymphadenopathy is
usual. The spleen is palpable inmore than half of cases, although
only occasionally does it extend to the iliac crest. These sec-
ondary lymphoid organs increase in size in the first week and
subside slowly after the second week. Slight hepatomegaly and
jaundice occurs in about 10% of cases. Fever is present in most
cases, but of no characteristic type and may be transient. A few
patients develop a finemacular rash, but rashes are more usually
found as temporary reactions to penicillin and especially ampi-
cillin.

Blood picture

In most patients, IM is associated with a leucocytosis; this peaks
in the second and third weeks and usually persists for 1–2
months (the first week is occasionally associated with a leucope-
nia). In two-thirds of patients, the leucocytosis ranges from 10
to 20 × 109/L, but in some cases may substantially exceed these
levels. The leucocytosis is attributable to an absolute increase
in numbers of both normal small lymphocytes and of activated
T cells (atypical lymphocytes). Most of the activated cells are
CD8+ T cells, but they also include CD4+ T cells and CD3− NK
cells.Most of these activated lymphocytes are cytotoxic for virus-
infected cells and target viral peptides presented onMHC class I
molecules. Although infection of B cells by EBV stimulates their
proliferation, this appears to be controlled by the T-cell response
such that the proportion of blood mononuclear cells that is EBV
infected rarely exceeds 0.1%.
A peripheral neutrophilia may be seen early in the dis-

ease, but a neutropenia is equally common and eosinophilia is
not unusual. Thrombocytopenia may occur and is occasionally
severe. Anaemia is rare and then usually associated with anti-i
antibodies. EBV infection may trigger a haemophagocytic syn-
drome in rare cases.

Serological changes

Three categories of antibody are produced as a result of EBV
infection: virus-specific, heterophile and autoimmune. The first
virus-specific antibodies to appear are directed against the
EBV capsid antigen (VCA). IgM anti-VCA antibodies proba-
bly develop during the incubation period and peak in the sec-
ond week of the illness followed by a rapid decline. IgG anti-
VCA antibodies peak in the second to third weeks and persist
for life. Most patients also have a transient response to EBV early
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antigen (EA), which peaks in weeks 2–3. Antibodies to EBV
nuclear antigen (EBNA) do not develop until some weeks into
the illness, but are present lifelong in all patients by 6 months.
Serological diagnosis of acute IM is most accurately made by
the presence of IgM anti-VCA and anti-EA antibodies and the
absence of anti-EBNA antibodies.
Paul and Bunnell demonstrated that patients with IM have

serum agglutinins directed against sheep erythrocytes (het-
erophile antibodies) and that a serum titre in excess of 1:112 is
highly suggestive of IM. Similar agglutinins are found in low titre
in healthy individuals (directed against Forssman antigen) and
in some leukaemias and lymphomas, as well as serum sickness.
However, in these conditions the heterophile antibody can be
absorbed onto guinea pig red cells. Formalin-treated horse ery-
throcytes appear to be agglutinated exclusively by heterophile
antibodies of IM, and this forms the basis of theMonospot test.
Heterophile antibodies provide the routine serological test for
IM, but are commonly negative, particularly in children and in
patients over the age of 25 years. EBV-specific serodiagnostic
tests should be applied in cases with strong clinical suspicion,
but negative heterophile antibodies. Total serum immunoglobu-
lin levels increase around 4 weeks following onset of symptoms,
and raised levels may persist for many months. The greatest
proportional increase is in IgM, but IgG may also be raised. The
specificity of most of these immunoglobulins is unknown, but a
variety of autoantibodies may be found, including cold-reactive
anti-i antibodies, Donath–Landsteiner cold haemolysins and,
occasionally, antibodies against smooth muscle, thyroid,
stomach, rheumatoid factors and antinuclear antibodies.

Differential diagnosis and treatment

The diagnosis and course of IM are usually uncomplicated.
Signs of significant respiratory, cardiovascular, intestinal,
urinary or joint disease make consideration of other diseases
mandatory; some of these other diseases are listed in Table
16.9. Perhaps the commonest problem is when the patient
is heterophile antibody negative. In this situation other viral
infections, particularly cytomegalovirus (CMV), should be
considered, with assay for CMV-specific IgM. Primary EBV
infection is rare in older patients and there may not be conspic-
uous lymphadenopathy. Occasionally, the blood picture may
raise the suspicion of a leukaemia, in which case immunophe-
notyping of the blood mononuclear cells may be appropriate.
Persistent lymphadenopathy beyond a few weeks suggests the
need for diagnostic biopsy, particularly if heterophile antibodies
are negative, but the possibility of a false-positive Monospot
test should also be considered. Virus-specific serology may be
helpful in both these situations.
There is no specific therapy for IM. In patients with severe

fever or lymphadenopathy, corticosteroids produce prompt lysis
of fever and reduction of lymph node hyperplasia. Steroids may
be indicated in management of associated haemolytic anaemia,

Table 16.9 Causes of secondary lymphopenia.

Infections
Influenza; occasionally other viral infections, Colorado tick
fever, miliary tuberculosis, pneumonia, septicaemia, malaria,
HIV

Loss of lymphocytes
Intestinal lymphangiectasia, Whipple disease, severe
right-sided heart failure, rarely inflammatory bowel disease,
lymphatic fistula

Therapeutic procedures
Radiotherapy, anti-lymphocyte globulin, corticosteroids,
cytotoxic drugs, purine analogues

Neoplastic conditions
Metastatic carcinoma, advanced Hodgkin disease

Nutritional/metabolic
B12 or folate deficiency, zinc deficiency, uraemia

Other conditions
Systemic lupus erythematosus and other collagen vascular
diseases, myasthenia gravis, aplastic anaemia, graft-versus-host
disease, pancreatic necrosis, sarcoidosis, idiopathic

thrombocytopenia, progressive neurological complications and
incipient airway obstruction. Patients should be advised of the
small risk of splenic rupture fromminor abdominal trauma and
contact sports should be avoided for several months.
X-linked lymphoproliferative syndrome (Duncan syndrome)

is a rare inherited X-linked condition in which there is spe-
cific immunodeficiency against EBV. These individuals may
die as a result of primary infection or the subsequent devel-
opment of an EBV-driven B-cell lymphoma. Patients receiving
immunosuppressive therapy for allografts and who are carriers
of EBV can develop proliferations of B lymphocytes that carry
the EBV genome. These cases of post-transplant lymphopro-
liferative disease are heterogeneous, and B-cell proliferations
vary from a polyclonal diffuse B-cell hyperplasia to monoclonal
B-cell lymphomas. There is evidence for a causal role of EBV
in the development of Burkitt lymphoma, in association with
bothHIV infection and in the form endemic inAfrican children.
In less than 20% of sporadic cases of Burkitt lymphoma, EBV-
associated DNA can be demonstrated in the lymphoma cells.

Secondary associations of infectious
mononucleosis

In the 1950s it was reported that there was an increased inci-
dence of Hodgkin lymphoma in individuals with a history of
IM. Although the epidemiological challenges of confirming this
association are profound, several very large studies have revealed
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Figure 16.19 Relative risk of Epstein–Barr virus (EBV)-positive
and EBV-negative Hodgkin lymphoma after infectious
mononucleosis. Solid lines represent the relative risks of
EBV-positive (blue) and EBV-negative (red) Hodgkin lymphoma,
given that EBV status was determined in an unbiased way and that
the missing data on viral status in 11 tumours were uninformative
with respect to their true EBV status. Short dashed lines represent
the relative risks of EBV-positive and EBV-negative Hodgkin
lymphoma given that all tumours whose EBV status was unknown
were EBV-positive. Long dashed lines represent the relative risks
given that all tumours whose EBV status was unknown were
EBV-negative. The analyses were restricted to the period 2 years or
more after infectious mononucleosis. (Source: Hjalgrim et al.,
2003. Reproduced with permission of Massachusetts Medical
Society.)

a definite association. Hjalgrim and colleagues studied 38,555
people with a confirmed diagnosis of IM and identified 29
cases of Hodgkin lymphoma, of which 16 had evidence of EBV.
The study revealed a 4.1-fold increased risk of EBV-associated
Hodgkin lymphoma in patients with a history of IM, with a
median incubation time of just over 4 years to development of
lymphoma (Figure 16.19).
IM is also associated with an increased risk of multiple

sclerosis later in life. Thacker and colleagues have estimated this
relative risk at 2.3 and this is likely to reflect the growing appre-
ciation that EBV infection is associated with the pathogenesis

of multiple sclerosis, although the mechanisms involved are
unclear.
It is not yet clear whether individuals who suffer from IM

carry a genetic predisposition to a variety of immunopatholog-
ical disorders or if these secondary events are a direct conse-
quence of the IM syndrome. However, these observations do
offer important clues as to the pathogenesis of these important
disorders.
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CHAPTER 17

17The spleen
Paul Moss
Queen Elizabeth Hospital and University of Birmingham, Birmingham, UK

The spleen performs a number of important roles in homeosta-
sis. Its function is affected in a range of primary blood diseases
and systemic disorders. These haematological effects are usually
a minor phenomenon, but in some cases may come to dominate
the clinical presentation.

Evolution of the spleen

The spleen evolved around 500 million years ago with the
appearance of the adaptive immune systembetween the origin of
vertebrates and the development of the jawed vertebrates. It has
undergone more functional and structural diversification than
the thymus and this may reflect its varied physiological roles.
The spleen shares a capsule of fibromuscular tissue in all animals
and this extends inwards as a reticular network. The red pulp is
present in all species, but there have beenmarked changes in the
anatomy of the white pulp and this is likely to reflect increasing
sophistication of cellular immunity.
The spleen is derived from a condensation of mesenchymal

cells that arise in the mesentery close to the pancreatic rudi-
ment. The mesenchymal cells differentiate into reticulum cells,
pluripotent stem cells and colony-forming units. Together with
the liver, the spleen has a transient role in haemopoiesis from the
third month, continuing until birth (Chapter 11). From about
20 weeks the bone marrow becomes a site of haemopoiesis and
this increases rapidly during the last trimester of pregnancy,
whereas haemopoietic activity in the spleen disappears. There
is no evidence for a specific inhibitor of haemopoiesis and the
spleen remains a potential site for blood production in the
adult, particularly for the maintenance of erythropoiesis. This

occurs during pathological states and the development of such
extramedullary haemopoiesis after birth is described below.

Structure and function

The major functions of the spleen are: (i) filtration and ‘qual-
ity control’ of red cells within the circulation, (ii) capture and
destruction of blood-borne pathogens and (iii) generation of
adaptive immune responses. In order to achieve these aims the
spleen has evolved a unique anatomical structure that is based on
the filtering of blood through two main systems. These consist
of a white pulp, which is concerned mainly with immunologi-
cal function, and a red pulp, which regulates the selection of red
cells for re-entry into the circulation. Amajor feature is the pres-
ence of both ‘open’ and ‘closed’ circulatory systems and these
are described in detail in the subsequent sections.
The spleen lies in the left hypochondrium, with its long axis

beneath the proximal half of the tenth rib. Its convex surface rests
under the diaphragm whereas the visceral surface is in contact
with the stomach and left kidney, with the tail of the pancreas
reaching the hilum at themedial side. The normal spleen weighs
about 150–250 g, but there is considerable variation between
normal individuals and at various ages in the same individual.
At puberty it weighs about 200–300 g but after the age of 65 years
this decreases to 100–150 g or less. In the adult its length is 8–13
cm, width 4.5–7.0 cm, surface area 45–80 cm2 and volume less
than 275 cm3. Interestingly, up to 10% of people have accessory
spleens, normally as a single piece of tissue that can be found in
a variety of sites, either locally ormore distantly in the abdomen.
A spleen greater than 14 cm long is usually palpable (see later).
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It enlarges in a wide range of diseases and has been measured at
up to a massive 2 kg or more in some blood disorders.
The spleen has a complicated structure and several differ-

ent functions. It is enclosed by a connective tissue framework
that extends inwards to form a fibrous network. Blood enters at
the pelvis and the majority of vessels open into these open net-
works (the red pulp) before re-entering the closed venous sys-
tem. There is no afferent lymphatic to the spleen and the effer-
ent lymphatic system leaves along the route of the splenic vein.
The spleen contains a large amount of lymphatic tissue that is
mostly concentrated in concentric rings around the arterioles
(white pulp). Between the red pulp and white pulp is an inter-
mediate marginal zone, which lies at the periphery of the white
pulp, blending into the red pulp.

Splenic blood flow and the red pulp

The circulation within the spleen is illustrated in Figure 17.1.
Blood is brought to the spleen via the splenic artery, which
branches into the trabecular arteries and then arborizes in a pat-
tern that lacks interarterial connections and thus effectively gen-
erates end arteries. The central arteries acquire a coaxial sheath
of lymphocytes containing lymphoid follicles and this together
constitutes the white pulp (see below). These central arteries
then split into many arterioles and capillaries, some of which
terminate in the white pulp, while others go on to enter the
red pulp.
In the red pulp there are twomajor forms of blood circulation:

a closed system, typical of the rest of the vascular system, in
which arteries and veins communicate through endothelial-
lined vessels, and an open circulation, in which arterioles

Figure 17.1 The vascular and lymphatic organization of the
spleen. (a) Schematic representation of blood flow in the spleen.
Blood enters through the splenic artery and then breaks up into
splenic arterioles. The white pulp is an aggregation of lymphoid
tissue around these vessels. The arterioles then open into splenic
cords lined with macrophages. Blood must then re-enter the
circulation by passing into a venous sinus. (b) Cross-section of
white pulp at section A–B in (a). The central arteriole is
surrounded by a periarteriolar lymphoid sheath of T lymphocytes
and occasional follicles that are rich in B cells. The marginal zone
is divided into an inner and outer zone around which there is a
large perifollicular zone. (c) Schematic representation of the
organization of the red pulp. Blood cells are released by a splenic
arteriole into a reticulum-lined splenic cord. Red cells that have
flexible membranes are able to gain entry into the venous sinus by
passing through gaps in the endothelial lining. Cells that are
unable to achieve this are ‘filtered’ from the blood through
ingestion by macrophages. (Source: Mebius and Kraal, 2005.
Reproduced with permission of Nature Publishing.)

terminate in free endings on splenic cords (also known as the
cords of Billroth) and from which cells must subsequently cross
an endothelial layer to re-enter the circulation. The cords consist
of a fibroblast-like reticular meshwork containing numerous
macrophages and erythrocytes and they are critical to the
filtration function of the spleen. Red cells in the cords need to
gain entry to a venous sinus if they are to be allowed to re-enter
the systemic circulation. The sinuses, 20–40 mm in diameter,
are lined by endothelial and adventitial cells with a basement
membrane and possess narrow interendothelial spaces in the
sinus wall through which flexible red cells may pass. Red cells
with inflexible membranes, mostly elderly, are not able to pass
through these gaps and are ingested by macrophages in the
cords. The great majority of blood flows in this unique open
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system and only a minority of arteries connect directly to the
trabecular vein in a typical vascular closed system.
There is thus both a rapid and a slow transit component

in the splenic circulation. The rapid transit is of the order of
1–2 min, whereas the open circulation has a circulation time of
30–60 min or even longer. In normal subjects the blood flows
through the spleen at a rate of about 5% of blood volume per
minute, so that each day the bloodhas repeated passages through
the spleen. During the flow, by a process called plasma skim-
ming , the plasma and leucocytes pass preferentially to the white
pulp, while the red cells remain in the axial stream of the central
artery. The passage of cells into the sinuses is controlled by their
ability to squeeze through the interendothelial spaces, assisted
by contraction of the reticular cells.

Blood pooling

The normal red cell content of the spleen is 30–70 mL, which
represents less than 5% of the total red cell mass. When the
spleen is enlarged, expansion of the vascular bed occurs. This
results in a considerable pool with a high haematocrit and only
a slow exchange of red cells with the general circulation. In states
ofmassive hypersplenism, such asmyelofibrosis, asmuch as 40%
of the red cell mass may be pooled in the spleen. This pooling
will functionally exclude a relatively large volume of red cells
from the main arteriovenous circulation, and thus be an impor-
tant cause of anaemia. In such cases, it should be noted that the
red cell mass, as measured by a radionuclide labelling technique,
may give a misleadingly normal result, whereas the peripheral
blood packed cell volume will give a more reliable measure-
ment of the effectively circulating red cell mass. In splenomegaly
due to cellular infiltration, the pool is less prominent. Con-
versely, in the congestive splenomegaly of portal hypertension,
an increased red cell pool is a dominant feature.
The normal spleen contains a reservoir of granulocytes that

is in dynamic equilibrium with the circulating granulocytes. It
represents 30–50% of the total marginating pool, with a mean
transit time through the spleen of about 10 min. Splenic seques-
tration of granulocytes is thought to be responsible for the
neutropenia that often occurs in patients with splenomegaly.
Platelets have also been shown to have a significant reservoir
in the spleen and are rapidly interchangeable with the circula-
tion. In normal subjects, 20–40% of the total platelet mass is
pooled in the spleen and the platelets spend up to one-third
of their lifespan there. The pool increases when the spleen is
enlarged. This pooling and temporary sequestrationmust be dis-
tinguished from the destruction of platelets in the spleen that
occurs in many cases of thrombocytopenia.
There is no evidence that the normal spleen is involved

in the regulation of plasma volume, but splenomegaly is fre-
quently associated with an increased plasma volume that may
lead to a dilutional pseudo-anaemia. The clinical importance is
that in splenomegaly the blood count may give an exaggerated

impression of anaemia and measurement of red cell and plasma
volumes can be valuable.

Role of the spleen in ensuring quality control
of red cells

The spleen is the body’s largest filter of blood and a major func-
tion of the spleen is the quality control of red cells. Red cells
are normally flexible, whereas cells with abnormal membranes,
or those with inclusions that render them relatively inflexi-
ble, remain in the cords where they are repaired or destroyed.
Sequestration is a reversible processwhereby cells are temporar-
ily trapped by adhesion to the reticularmeshwork of the cords on
their passage through the spleen. Phagocytosis is the irreversible
uptake by macrophages of particulate matter, non-viable cells
and viable cells that have been damaged by prolonged seques-
tration or by antibody coating.
In the presence of metabolically active macrophages, the

densely packed red cells are deprived of oxygen and glucose.
This stress increases membrane rigidity and reduces the nat-
ural deformability of the biconcave cell. This effect is particu-
larly marked if there is an underlying abnormality of the red
cell metabolic system, if cells are coated with antibody or if they
are fragmented or misshapen in other ways. In these situations
they remain trapped in the cord space and undergo phagocyto-
sis. Siderotic granules, Howell–Jolly (DNA) bodies, nuclear rem-
nants and Heinz bodies are removed by culling or pitting during
temporary sequestration. After removal of the inclusions the red
cells return to the circulation. Reticulocytes may be retained in
the splenic cords for a considerable proportion of the 2–3 days
of their maturation period and during this time they lose their
intracellular inclusions, alter the lipid composition of their sur-
face and become smaller in size. It is not clear whether the spleen
has any special role in the removal of normal aged red cells and
it seems more likely that such cells are removed by the general
reticuloendothelial system, which includes both the spleen and
the bone marrow.

Immunological function

The spleen is the largest single accumulation of lymphoid tissue
in the body and is estimated to contain 25% of the T-lymphocyte
pool and 10–15% of the B-lymphocyte pool. T cells, mainly of
the CD4+ subtype, are found predominantly in the periarterio-
lar lymphatic sheath, whereas B cells are located in the follicles
andmarginal zones of thewhite pulp. There is also an abundance
of macrophages and dendritic cells and the architecture is main-
tained through a complex anatomical organization that includes
a tubular conduit system that transports a range of chemokines
and other molecules. The spleen has a unique role in acting as
an immunological filter for the bloodstream. Lymphocytes and
dendritic cells enter the splenic tissue by initial entry into the
marginal zone, and from there can pass into the periarteriolar
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lymphatic sheath by crossing a lining of sinus cells. There is a
constant flow of both T and B cells through the spleen, with T
cells typically staying in the spleen for a few hours, whereas B
cells stay in the follicle andmarginal zone for prolonged periods.
At present it is not certain how lymphocytes exit the white pulp.
One interesting feature of the immunological function of the

spleen is that it is able to act as an important site for both
innate and adaptive immune responses. The marginal zone acts
as the site for both of these processes, whereas the white pulp
is restricted to adaptive immunity. Blood is filtered directly into
the marginal zone and here the predominant cell populations
are macrophages and marginal-zone B cells. The macrophages
express a range of pattern-recognition receptors that recog-
nize bacterial molecules such as lipopolysaccharide. These cells
thus act as an important filter for the clearance of blood-borne
pathogens. The marginal-zone B cells are a unique B-cell subset
that bridges the innate and adaptive immune responses. They
are able to recognize bacterial pathogens without the help of T
cells and this T-independent antibody response consists largely
of low-affinity IgM and can play an important role in limiting
bacterial replication. In addition, these B cells can act as antigen-
presenting cells and are able tomigrate to the periarteriolar lym-
phatic sheath, where they present antigen to T cells and facilitate
the production of high-affinity IgG antibody. B-cell maturation
and clonal expansion occurs in the follicles and plasmablasts,
and plasma cells subsequentlymigrate to the red pulpwhere they
are retained through their expression of CXCR4, which binds to
CXCL12 in red pulp tissue.
The T-cell-independent antibody response produces a spec-

trum of low-affinity IgM antibody clones that provide a first
line of immune defence against bacterial sepsis, especially
from Streptococcus pneumoniae, Haemophilus influenzae
and Neisseria meningitidis. The spleen also appears to act as
a defence against viral infections and intraerythrocyte parasitic
infections such as Plasmodium and Babesia. The important
role of the spleen in this regard is revealed by immunization of
splenectomized individuals with T-independent antigens where
antibody titres are typically only 10% of those seen in con-
trol subjects. Given these unique features it is no surprise that
splenectomy is associated with a degree of relative immunosup-
pression to encapsulated bacterial species.

Extramedullary haemopoiesis

As indicated above, the spleen is an important site of
haemopoiesis in utero and retains the ability to re-activate this
process after birth. This can occur as a compensatory erythro-
blastic hyperplasia in severe anaemia, such as chronic haemoly-
sis, megaloblastic anaemia and thalassaemia major, or as a more
generalized haemopoiesis often seen in primary myelofibrosis
or other malignant disorders in the bone marrow. The mecha-
nisms involved in this extramedullary haemopoiesis are poorly
understood. It is not clear if pluripotent stem cells are present in

the spleen or migrate from the bone marrow. It is even conceiv-
able that changes in the stroma or primary haemopoietic cells
that arise due to the underlying pathological process are involved
in favouring initiation of the haemopoietic process.

Splenomegaly and hypersplenism

Spleen size

An enlarged spleen is a frequent and important clinical sign. It
is thus essential to have a reliable picture of the presence and
extent of splenomegaly. In the adult, an enlarged spleen is usually
palpable when its length exceeds 14 cm. However, the measure-
ment of spleen size by means of a physical examination of the
abdomen is unreliable, asminor enlargement is often undetected
by palpation and even a grossly enlarged spleen may be missed
in an obese person. Conversely, a lax phrenic–colic ligament or
loss of tone of the abdominal wall may give rise to a ‘wandering
spleen’ which will be palpable, as will one that is pushed down-
wards by a flattened diaphragm in obstructive airways disease.
Reliable information is obtained by radiology through ultra-

sound, magnetic resonance imaging (MRI) and computed
tomography (CT), all of which give an accurate representation
of the anatomy of the spleen and its position in relation to
adjacent organs (Figure 17.2). PET-CT may be used to detect
tumours such as lymphoma in the spleen. Another method of
scanning the spleen is to use gamma cameras for scintigraphy of
99mtechnetium-labelled heat-damaged autologous red cells (Fig-
ure 17.3). Although laborious, this technique does provide infor-
mation on the functional activity of the spleen and is also useful
in identifying abnormally positioned and accessory splenic tis-
sue. It is, however, not widely available.

Causes of splenomegaly

Enlargement of the spleen can occur in a wide range of con-
ditions (Table 17.1). The relative incidence of each cause of
splenomegaly is subject to geographical variation. In Western
countries, leukaemia and lymphomas, myeloproliferative disor-
ders, haemolytic anaemias, infectiousmononucleosis and portal
hypertension account for most cases. In tropical countries the
major causes are parasitic infections such as malaria, leishmani-
asis and schistosomiasis.
The underlying pathological basis for the enlargement can

be of value in diagnosis and includes such features as reactive
increase of white pulp in inflammation and infection, congestive
expansion of the red pulp compartment, increased blood pool,
cellular infiltration or extramedullary haemopoiesis.

Specific causes of splenomegaly
Malaria
Several pathogenic mechanisms are involved in splenomegaly
of malaria, including reactive lymphoid change, dilation of red
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Figure 17.2 Imaging of the spleen by various methods. (a) CT:
transverse section showing liver (left) and spleen (right). (b) MRI:
coronal (longitudinal) section showing liver, spleen and kidneys.
(c) (i) Ultrasound of spleen showing splenomegaly (15.3 cm);
(ii) normal spleen (10 cm) on computed tomography (CT) scan;

(iii) CT scan: the spleen is enlarged and shows multiple low density
areas. A diagnosis of diffuse large cell B lymphoma was made
histologically after splenectomy. (d) Ultrasound scan of enlarged
spleen. (Source: Dr T. Ogunremi [parts (c)(i) and (ii)]. Reproduced
with permission.)
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(b)(a)

Figure 17.3 Demonstration of residual
splenunculus by a scan of heat-damaged
isotope-labelled red cells: (a) anterior
view; (b) posterior view. Uptake is
predominantly in the liver.

pulp sinuses and expanded phagocytic activity. The tropical
splenomegaly syndrome, associated with recurrent malaria, is
particularly common in New Guinea and Central Africa.

Haemoglobin disorders
Splenomegaly is associated with HbC disease in West Africa,
with HbE disease in the Far East and with thalassaemia syn-
dromes, which have awide distribution throughout theMediter-
ranean area and tropics. HbSS sickle cell disease is usually
associated with splenic atrophy, but the spleen usually remains
enlarged in adults with HbS/C and HbS/β-thalassaemia syn-
dromes.

Malignant haematological disorders
In polycythaemia vera the increase in spleen size is mainly due
to vascularity, with expansion of the red pulp and an increased
red cell pool. In primary myelofibrosis, the red cell pool is
remarkably increased and the spleen size is further augmented
by myeloid metaplasia and expansion of the reticular elements.
In contrast, in chronic myeloid leukaemia and lymphoprolifera-
tive disorders the increase in size is attributed mainly to cellular
infiltration.

Primary splenic tumours
Primary splenic tumours are rare. Metastatic carcinoma, such as
from the breast or lung, is also a rare event.

Portal hypertension
This may be both a cause and a consequence of splenomegaly.
In a spleen that is massively enlarged from any cause, the huge

increase in blood flow can lead to an increased portal pressure
that results in backpressure on the spleen and a spiral of com-
pression leading to widening and fibrosis of the red pulp cords.
On the other hand, portal vein obstruction due to liver disease
can also enlarge and damage the spleen.

Hypersplenism

Hypersplenism is a clinical syndrome and does not imply a spe-
cific causal mechanism. It has the characteristic features of:
� Enlargement of the spleen
� Reduction in one or more of the cell lines in the peripheral
blood and
� Normal or hyperplastic cellularity of the bone marrow.
Many disorders are associated with hypersplenism

(Table 17.1) and where the association is uncertain the
diagnosis of hypersplenism may ultimately be confirmed by the
response to splenectomy.

Splenectomy

The role of splenectomy in individual diseases is discussed in
the relevant chapters, but when splenectomy is contemplated for
any reason, the preoperative evaluation of the patient requires
close co-operation between the surgeon and the haematologist.
Vaccinations should be performed and it is valuable to check
liver function, obtain appropriate imaging and potentially eval-
uate the hepatic and portal blood flow by Doppler ultrasound
examination.
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Table 17.1 Causes of splenomegaly.

Haematological
Acute leukaemia
Chronic myeloid leukaemia∗

Chronic lymphocytic leukaemia∗

Malignant lymphomas∗

Myelofibrosis∗

Polycythaemia vera∗

Essential thrombocythaemia (some cases)
Hairy cell leukaemia∗

Gaucher disease∗, Niemann–Pick disease, Langerhans cell
histiocytosis X

Primary splenic hyperplasia (i.e. unknown cause)
Thalassaemia
Sickle-cell disease, HbSC disease and other
haemoglobinopathies

Haemolytic anaemias
Megaloblastic anaemia (rare)

Systemic
Acute infections: septicaemia, typhoid, infectious
mononucleosis, cytomegalovirus

Subacute and chronic infections: tuberculosis, syphilis,
brucellosis, subacute bacterial endocarditis, HIV

Tropical parasitic infections (tropical splenomegaly∗): malaria∗,
leishmaniasis∗, schistosomiasis∗, trypanosomiasis

Collagen diseases: systemic lupus erythematosus, rheumatoid
arthritis (Felty)

Sarcoidosis
Amyloidosis
Cysts
Haemangiomas
Carcinoma (rare)
Congestive splenomegaly
Portal hypertension∗

Splenic/portal/hepatic vein obstruction
Congestive cardiac failure

∗Common causes of splenomegaly.

Splenic injury is common after blunt abdominal trauma and
must be assessed in order to consider the need for emer-
gency splenectomy. Focused abdominal sonography for trauma
(FAST) is a form of ultrasound that is rapid to perform and valu-
able in patients who are haemodynamically unstable. Abdomi-
nal CT remains the investigation of choice when the pulse and
blood pressure remain stable. Low-grade injury may be man-
aged conservatively, and angioembolization can be very useful
for controlling haemorrhage, whilst preserving splenic function
(Figure 17.4). In addition to trauma, splenic rupture may also
occur rarely in a range of conditions such as infectiousmononu-
cleosis or pregnancy.

Surgical excision of the spleen has been a standard treat-
ment for the diagnosis and management of disorders associ-
ated with an enlarged or hyperactive spleen and also when an
otherwise normal spleen mediates the clinical problems asso-
ciated with an extrasplenic defect such as hereditary sphero-
cytosis or autoimmune acquired haemolytic anaemia. Splenec-
tomy can bring about significant disease control in some
malignant conditions, such as splenic marginal zone lym-
phoma, where the bulk of the tumour population is located
in the spleen. Finally, the spleen is often removed inciden-
tally as part of another surgical procedure. At a surgical level,
laparoscopic splenectomy has become the treatment of choice
in the absence of portal hypertension or significant medical
co-morbidity.

Complications of splenectomy

Bleeding can be a complication after surgery and usually comes
from the peritoneal and diaphragmatic surfaces rather than
from identifiable blood vessels. Frequently, no specific bleeding
source is found at re-operation.
Thrombocytosismay be seen in the immediate postoperative

period and the platelet count often rises up to 600–1000× 109/L,
with a peak at around 7–12 days. In a number of patients,
moderate thrombocytosis persists indefinitely after splenec-
tomy. Although a reactive thrombocytosis is not usually associ-
ated with thromboembolic problems, postoperative prophylaxis
with heparin is often given. It is advisable to give antiplatelet
therapy (e.g. aspirin 75 mg daily) as long as thrombocytosis is
present.

Post-splenectomy sepsis
Splenectomy increases the risk of developing an overwhelm-
ing bacterial infection, (sometimes termed overwhelming post-
splenectomy sepsis; OPSS), which in historical cohorts can be
fatal in up to 50% of patients. The onset is often acute and ful-
minant with a non-specific presentation that may include fever,
muscle ache, chills, sore throat, diarrhoea or vomiting. Septi-
caemia or meningitis can be seen, and features such as dis-
seminated intravascular coagulation and hypoglycaemia may
develop rapidly. Streptococcus pneumoniae is the most com-
mon cause and bacteraemia can be so severe that cocci are
seen directly in stained blood films. Haemophilus influen-
zae, Neisseria meningitidis and Escherichia coli may also
be implicated. The underlying cause is a defective reticu-
loendothelial clearance of encapsulated organisms, combined
with delayed and impaired development of the IgM antibody
response.
The risk of infection is related to the underlying disease for

which splenectomy was performed. A Danish population-based
study confirmed that splenectomized patients had an increased
rate of hospital contact for infection compared to the gen-
eral population (Figure 17.5a). However, when the data were
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(a) (b)
(i)  Before embolization (ii)  After embolization

Figure 17.4 (a) Computed tomogram showing splenic injury (Organ Injury Scale grade 4) with contrast extravasation (white arrow)
(b) Angiography (i) with signs of ongoing bleeding before embolization and (ii) after distal and proximal embolization. (Source: Skattum
et al., 2012. Reproduced with permisson of John Wiley & Sons.)
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Figure 17.5 Relative risk of hospital contact for any infection in
splenectomized patients according to the time since splenectomy.
Data based on a Danish population-based study (Thomsen et al.,
2009). Results are shown for: any indication for splenectomy,
immune thrombocytopenia, hereditary haemolytic anaemias and
trauma, in comparison with age- and sex-matched subjects from
the general population (a) and up to five matched-indication
non-splenectomized patients (b). (Source: Rodeghiero and
Ruggeri, 2012. Reproduced with permisson of John Wiley & Sons.)

compared to patients with the same disease, but who had not
had splenectomy, the relative risk of infection fell significantly
(Figure 17.5b). In particular, patients with ITP or hereditary
haemolytic anaemias showed a relative risk of 2.6 and 3.6 during
the first 90 days after splenectomy, but not after this timepoint
(Figure 17.5).
Infection may occur at any age, but children are at increased

risk, particularly within the first few years of life. Splenectomy
should therefore be postponed until after the age of 5 years of
age wherever possible. The prevention of fatal postsplenectomy
sepsis has four components:
� Patient education
� Vaccination
� Antibiotic prophylaxis
� Early empirical use of antibiotics for febrile episodes.

Patient education
Education of patients or parents is perhaps the most important
aspect ofmanagement, to ensure that they are aware of the possi-
bility of infection and know how to react appropriately. Patients
should be advised to carry a card or bracelet to alert health pro-
fessionals to the potential risk of overwhelming infection.When
travelling to tropical areas, asplenic patients are at increased risk
of severe Plasmodium infection and must adhere scrupulously
to antimalarial prophylaxis. Patients should also be advised
that severe infection can occur after animal bites, typically
due to Capnocytophaga Canimorsus which is a commensal
bacterium of cats and dogs.

Vaccination
Normal inoculations, including live vaccines, can be given safely
after splenectomy. When splenectomy is being planned, the
patient should be considered for immunization against pneu-
mococcus,H. influenzae type B (Hib) andmeningococcal infec-
tion. Toobtain themaximum immune response, patients should,
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Table 17.2 Suggested schedule for vaccine immunization in individuals with asplenia or splenic hypo function.

Vaccination schedule∗
Age at which asplenia or splenic
dysfunction acquired Month 0 Month 1 Later

Under 2 years Complete according to
national routine
childhood schedule,
including booster doses
of Hib/MenC and
PCV13

A dose of MenACWY
conjugate vaccine should
be given at least 1 month
after the Hib/MenC and
PCV13 booster doses

After the second birthday,
one additional dose of
Hib/MenC and a dose
of PPV should be given

Over 2 years and under 5 years
(previously completed routine
childhood vaccinations with PCV7)

HibMenC booster PCV13 MenACWY conjugate
vaccine

PPV (at least 2 months
after PCV13)

Over 2 years and under 5 years
(previously completed routine
childhood vaccinations with PCV13)

HibMenC booster PPV MenACWY conjugate
vaccine

Over 2 years and under 5 years
(unvaccinated or previously partially
vaccinated with PCV7)

HibMenC vaccine
First dose of PCV13

MenACWY conjugate
vaccine

Second dose of PCV13
and then PPV (at least
2 months after PCV13)

Over 5 years (regardless of vaccination
history)

HibMenC vaccine PVV MenACWY conjugate
vaccine

∗Where possible, vaccination course should ideally be started at least 2 weeks before surgery or commencement of immunosuppressive treatment
PCV, pneumococcal conjugate vaccine; PPV, pneumococcal polysaccharide vaccine
Source: Davies et al., 2011 [Br J Haem 155, 2011, 308–17]. Reproduced with permission of John Wiley & Sons.

if possible, be immunized at least 2 weeks before splenectomy.
One approach to vaccine policy for hyposplenic patients is
shown in Table 17.2.
Streptococcus pneumoniae is the major concern and there

are two major forms of vaccine available. Polyvalent polysac-
charide pneumococcal vaccines (PPV) include a wide range of
different serotypes, typically at least 23, but their efficacy in
hyposplenic individuals is poor. Conjugated vaccines consist of
a bacterial polysaccharide linked (conjugated) to a carrier pro-
tein and thereby enlist a T cell immune response. The 13-valent
pneumococcal conjugate vaccine (PCV13) ismore effective than
PPV in hyposplenic patients, although the breadth of serotype
coverage is not as great. The optimal schedule of vaccination
with both subtypes is not yet known and in some countries PCV
vaccines are not recommended, whereas others suggest a sched-
ule such as PCV13 followed 2 months later by PPV23. The rec-
ommendations for vaccination in children under 5 years will
depend on the prior vaccination history (Table 17.2). Where
possible, the levels of protective antibodies should be measured
to guide vaccination requirement. The World Health Organiza-
tion (WHO) recommends a serotype-specific IgG level of≥0.35
μg/mL as a potential protective threshold following conjugate
immunization in young children, but it is not clear if this extends
to adults where a higher threshold (e.g. ≥1.0 μg/mL) may be
more appropriate.

There are six different serotypes of Haemophilus influen-
zae (a–f) and serotype b is the most virulent, although vacci-
nation in infants has been highly effective in recent years. The
Hib vaccine should be given to asplenic adults who have not
received it.
The need for meningococcal vaccination in asplenic patients

is uncertain, but it is recommended. Vaccines are effective
against types A and C. The quadrivalent meningococcal ACWY
conjugate vaccine is coming to replace single MenC vaccina-
tion or quadrivalent polysaccharide vaccine, and a two-dose
vaccine course is a reasonable option, with boosters every
5 years.
Annual influenza vaccine is also recommended for asplenic

or hyposplenic patients, primarily as influenza may predispose
patients to secondary bacterial infection.

Antibiotics
Long term antibiotic prophylaxis should also be taken into
consideration. There is a relatively poor evidence base for this
approach in the era of pneumococcal vaccination and differ-
ent regimens are sometimes advised. The British Committee for
Standards in Haematology advises prophylaxis for patients at
high risk of infection. These are defined as:
� Age less than 16 years or greater than 50 years
� Inadequate serological response to pneumococcal vaccination
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� History of previous invasive pneumococcal disease
� Splenectomy for underlying haematological malignancy par-
ticularly in the context of ongoing immunosuppression.
Those at lower risk should be advised about the risks and
benefits of lifelong antibodies and may wish to discontinue
them. Oral penicillin 250 mg b.d. is usually recommended, and
patients who are allergic to penicillin should be offered ery-
thromycin 250 mg b.d.
Pre-emptive antibiotics should be given to patients so that

theymay start them if they develop a fever or infective symptoms
such as pyrexia, malaise or shivering and cannot get to hospital
within 2 hours. Suitable options are 500 mg amoxicillin or 750
mg of levofloxacin. In all such cases, the patient should also seek
immediate medical help and in hospital, ceftriaxone (IV or IM),
with or without vancomycin, is a reasonable empirical choice
after cultures have been taken.

Recurrence of symptoms
Accessory splenic tissue may be overlooked at operation; after
splenectomy, it may enlarge and cause a recurrence of the symp-
toms for which the original operation was carried out. The
haematological features of hyposplenism (see further on) such as
Howell–Jolly bodies and increased pitting may be absent; CT or
radionuclide scanning (Figure 17.3) will demonstrate the pres-
ence of a ‘splenunculus’ and identify its location for subsequent
surgical removal should this be required.

Hyposplenism

Hyposplenism occurs in a range ofmedical conditions, as well as
following surgical splenectomy or therapeutic splenic emboliza-
tion. In some disorders such as sickle cell disease, severe gluten-
induced enteropathy and untreatedHIV infection, it can be seen
quite frequently, whereas it occurs only occasionally in a range
of other conditions (Table 17.3). In sickle cell anaemia there is
functional asplenia by 1 year of age and autoinfarction leads to
a state of anatomical asplenia after 6–8 years of age. It has been
estimated that there are around 1 million asplenic people in the
US, including some 100,000 with sickle cell disease. Congen-
ital absence of the spleen is rare and may be associated with
organ transposition and severe malformations of the heart and
lungs. At the other extreme of life, atrophy of the spleen is seen
after around 65 years of age, with a rapid decrease in weight in
older age.
Patients with functional hyposplenism have impaired immu-

nity to blood-borne bacterial and protozoal infections, and per-
sistent thrombocytosis. Management is similar to that required
after splenectomy. It includes prophylactic antibiotics and vac-
cines (see above) and advice to the patient to seekmedical atten-
tion immediately in the event of illness or fever. Antiplatelet ther-
apy is advisable when the platelet count is high. Characteristic
changes in the blood count occur following splenectomy or

Table 17.3 Causes of hyposplenism.

Congenital aplasia syndrome
Ageing
Haematological disorders

Sickle cell disease
Thrombocythaemia
Myelofibrosis
Malaria
Lymphomas

Circulatory
Splenic arterial/venous thrombosis

Autoimmune disease
Systemic lupus erythematosus
Rheumatoid arthritis
Hyperthyroidism
Sarcoidosis
Chronic graft-versus-host disease
Combined immunodeficiency

Gastrointestinal (? immune basis)
Gluten-induced enteropathy
Dermatitis herpetiformis
Crohn’s disease
Ulcerative colitis
Tropical sprue

Infiltrations
Lymphomas
Sézary syndrome
Myeloma
Amyloidosis
Secondary carcinomas, especially breast
Cysts, e.g. hydatid

Nephrotic syndrome
Drugs

Methyldopa
Intravenous immunoglobulin
Corticosteroids

Irradiation
Splenectomy and splenic embolization

when the spleen atrophies to less than 20% of normal size. There
is no simple assay to measure the severity of hyposplenism, and
red cell scintigraphy is probably the current gold standard.

Red cell changes

The changes in red cell morphology include the presence of
Howell–Jolly bodies, siderotic granules and target cells. In a pro-
portion of subjects, irregularly contracted or crenated acantho-
cytic forms are also a feature (Figure 17.6). There is usually an
increase in the number of reticulocytes in the circulation and
occasionally isolated erythroblasts are seen. However, there is no
alteration in red cell survival.
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Figure 17.6 Blood film showing features of hyposplenism:
Howell–Jolly bodies, target cells and contracted cells.

Because the number of cells with siderotic granules that enter
the circulation is related to the sideroblastic percentage in the
bone marrow, the siderocyte count in the peripheral blood is
increased in haemolytic anaemias, thalassaemia and sideroblas-
tic anaemia. The number of Howell–Jolly bodies is also vari-
able and is most marked in conditions characterized by dysery-
thropoiesis. Other red cell inclusions may be prominent in the
hyposplenic state: Heinz bodies are found following oxidative
injury by drugs and in patients who have glucose-6-phosphate
dehydrogenase deficiency or an unstable haemoglobin, pre-
cipitated β-chains are found in α-thalassaemia and crystalline
deposits of haemoglobin C in HbC disease.

Leucocyte changes

After splenectomy there is a rise in the total leucocyte count. A
neutrophil leucocytosis in the immediate postoperative period
is later replaced by a significant and permanent increase in both
lymphocytes and monocytes. Usually the total white cell count
stabilizes at between 10 and 15 × 109/L, but occasionally it may
rise to twice this level. Minor increases in blood eosinophils and
basophils have been noted after splenectomy, but this is not a
regular feature.
In response to infection, splenectomized subjects produce

a much greater leucocytosis than persons with intact spleens.
Often there is a marked left shift in the differential leucocyte
count, with myelocytes and occasionally more primitive cells.

Platelet changes

As indicated above, the thrombocytosis after splenectomy is
usually transitory and falls to normal or near-normal values over
the following 1–2months.However, even if the platelet count has
returned to normal values, occasional large and bizarre platelets

can be seen in the blood films of many splenectomized subjects.
Their presence suggests that the spleen normally removes these
particular platelets.

Immunological effects

The spleen plays an important role in immunoglobin synthesis;
a fall in the IgM fraction of the serum immunoglobulins is com-
monly found after splenectomy. IgG levels do not change, while
IgA and IgE increase.
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Introduction

Cellular growth and differentiation are carefully controlled pro-
cesses that are regulated by several interconnected pathways in
order to facilitate diverse biological phenomena ranging from
development, responses to normal and abnormal stimuli and the
replacement of dying cells. In this context, the growth of indi-
vidual cells is restrained in the interest of their cognate tissue
and by extension of the organism as a whole. Oncogenesis rep-
resents the progressive corruption of this order and the stepwise
escape of an individual cell and its progeny from checks on their
growth. This corruption occurs in the form of the serial acquisi-
tion of genetic mutations, which disrupt the genome of the fate-
ful cell and morph it into a cancer genome (Table 18.1). In turn,
the ontogeny of the cell of origin and the nature of themutations
are the primary determinants of the cancer phenotype, including
its histological type, biological behaviour, clinical characteristics
and responsiveness to therapies.
Over the last few years, we have witnessed unprecedented

progress in our understanding of cancer genomes, driven pri-
marily by extraordinary advances in DNA sequencing technolo-
gies. The impact of cancer genomics on the study of haematolog-
ical malignancies has been particularly dramatic, in large part
because of our deep prior acquaintance with normal blood cell
development and hierarchy, as well as our detailed characteriza-
tion and classification of haematological cancers. Importantly,
these developments are not only enhancing our understanding
of blood cancer biology, but are already having an impact on the
way we diagnose and treat patients.

This chapter will describe important advances in genomics
and review key themes and paradigms relating to the pathogen-
esis and evolution of haematological cancers.

The cancer genome

The identification of the Philadelphia chromosome in patients
with chronic myeloid leukaemia (CML) by Nowell and Hunger-
ford in 1960 was the first report of a genetic lesion associated
with a humanmalignancy and forms a landmark in cancer stud-
ies. It has since become clear that cancer is a genetic disease,
which develops through a process of Darwinian-like clonal evo-
lution involving the stepwise acquisition of somaticmutations in
individual cells subject to natural selection on the basis of their
ability to outgrow their peers through increased proliferation
and survival.Within a healthy adult human there aremany small
clones, most of which have limited abnormal growth potential
and are invisible or manifest as common benign growths such
as skin moles. Occasionally, however, a single cell acquires a set
of mutations that allows it to proliferate to the extent that it
generates a malignant phenotype. The nature of such mutations
and the way in which they collaborate to produce the malignant
phenotype can only be fully understood through the integrated
study of the large set of variants within a tumour.
Next generation sequencing (NGS) technologies allow such

analysis through parallel sequencing of thousands to millions of
DNA molecules in a relatively short period of time. Compared
to classical Sanger methodology this represents an increase in
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Table 18.1 Glossary

Acquired mutation: see ‘somatic mutation’
Allele burden: The fraction of alleles with a specific sequence in
relation to the total number of alleles for the same region of the
genome. For example a heterozygous mutation in a pure population
of leukaemia cells has an allele burden of 0.5. If 70% of cells are
leukaemic and 30% of cells are normal, the mutant allele burden of
the heterozygous mutation would be 0.7 × 0.5 = 0.35.

Amplification: A genetic modification producing an increased number
of copies of a genomic region

Branching evolution (of cancer): A form of clonal evolution of cancer
which leads to the generation of more than one clone of cells
characterized by distinct somatic mutations, but which share at least
one mutation traceable back to a single ancestral cell.

Cancer genome: The genome of a cancer cell, which differs from the
germline genome as a result of somatic mutations.

Chromosomal translocation: see ‘genomic rearrangements’.
Chromothripsis: a single catastrophic event by which hundreds to
thousands of chromosomal rearrangements occur in confined
genomic regions of one or a few chromosomes (from Greek θρύΨις
= shattering into small pieces).

Clonal evolution (of cancer): The stepwise acquisition of mutations in
a founder cell and its progeny leading towards the development of a
cancer.

Clonal mutation: A mutation present in a population of related cells
derived from a single cell.

Constraint hypothesis: A hypothesis about clonal evolution proposing
that the observed order of acquisition of somatic mutations during
cancer evolution reflects a requirement for a specific mutation to
occur before another for a growth advantage to be gained by the host
cell(s).

Co-occurrence (of cancer mutations): The occurrence of two or more
mutations in the same type cancer more often than would be
expected by chance.

Convergent evolution (of cancer): A pattern of cancer evolution during
which independent clones expand after acquiring the same or very
similar mutation. This is likely to reflect the fact that such a mutation
is particularly advantageous to the specific cancer cell, giving a
marked growth advantage when acquired by chance.

Deletion: A genetic modification leading to the loss of a genomic
region.

Dominant negative mutation: A heterozygous mutation that leads to
marked or complete loss of function of the coded protein and of the
normal protein coded by the other (wild-type) copy of the gene.

Driver gene or driver mutation: A mutated gene that confers a
selective growth advantage to a cancer cell

Epigenetics: The study of changes to DNA and chromatin, other than
those that alter the DNA nucleotide sequence, that alter the
transcriptional potential of a cell and are usually heritable

Exome: The collection of all exons in a genome.
Exome sequencing: Sequencing of all exons in a genome. This has
referred to exons of protein-coding genes, but increasingly
non-protein-coding genes are included (e.g. long non-coding RNAs).

Gain-of-functionmutation: A mutation that gives the coded protein a
novel or markedly enhanced function

Genome-wide association studies (GWAS): studies of many common
and uncommon genetic variants in different individuals to
determine if any variant is associated with a disease or trait. The
primary outcome of these studies is the identification of variants
such as SNPs which are associated with, but do not necessarily cause
the disease in question.

Genomic rearrangement: A mutation that juxtaposes nucleotides that
are normally distant from each other, such as a chromosomal
translocation, inversion or deletion.

Germline genome: An individual’s genome as formed at the time of
conception (fertilized oocyte). This genome is shared by all cells in
the body.

Germline mutation:Mutations present in the germline genome.
Sporadic mutations acquired in the germ cells of parents are also
included in this category.

Germline variants: Variations in sequences or copy number of DNA
segments observed between different individuals that are responsible
of the phenotypic variation between people. Two unrelated
individuals differ by approximately 3 million such variants.

Haplotype: A haplotype is a contiguous region of the genome
containing a set of tightly linked genes that are likely to be inherited
together.

Indel: A mutation that results in insertion or deletion of one or a few
nucleotides to DNA.

Kataegis: Localized hypermutation of a region of the genome, thought
to be mediated by APOBEC enzymes (from Greek καταιγ¡ς =
storm).

Linear evolution (of cancer): A form of clonal evolution of cancer that
generates a single final clone of cancer cells which harbours all
mutations that ever arose during its evolution.

Loss-of-functionmutation: A mutation that leads to marked or
complete loss of function of the coded protein.

Loss-of-heterozygosity (LOH): A genetic modification leading to the
loss of the maternally- or paternally-derived copy of a genomic
region. This can happen as a result of deletion or uniparental disomy
(uPD).

Methylation: Covalent addition of a methyl group to a DNA, RNA,
protein or other molecule.

Missense mutation: A nucleotide substitution (e.g. G to T) that results
in an amino acid change (e.g. valine to phenylalanine).

Mutational signature: A recurrent pattern of DNA mutations
attributable to a particular type of mutagen or mutational process,
characterized by certain nucleotide mutations in a specific 5′ and 3′

nucleotidic context.
Mutual exclusivity: The occurrence of two or more mutations
in the same cancer type less often than would be expected
by chance.

Next-generation sequencing (NGS): DNA sequencing using one of the
methodologies developed since 2005 and which allow massively
parallel sequencing of thousands or millions of fragments of DNA
simultaneously.

Nonsense mutation: A nucleotide substitution that results in the
generation of a stop codon (i.e. TAA, TGA or TAG).

Non-synonymousmutation: A mutation that alters the encoded amino
acid sequence of a protein. These include missense, nonsense, splice
site, gain of translation start, loss of translation stop and indel
mutations.

Proto-oncogene: A gene that when activated by mutations, becomes an
oncogene and imparts a growth advantage of its host cell.

Opportunity hypothesis: A hypothesis proposing that the observed
order of acquisition of somatic mutations during cancer evolution
reflects the statistical likelihood that mutations are acquired in this
order. This likelihood is determined by the earlier mutation
influencing the opportunity for acquiring the next. Implicit in this
hypothesis is that the reverse order can also be observed, albeit less
often.
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Table 18.1 (Continued)

Passenger mutation: A mutation that does not give a selective growth
advantage to its host cell.

Single nucleotide polymorphism (SNP): A DNA sequence variation
occurring commonly within a population (e.g. 1%) in which a single
nucleotide in the genome differs between individuals.

Somatic mutation: A mutation that occurs in any cell of the body after
conception. Sometimes called acquired mutation.

Substitution (or nucleotide substitution): A DNAmutation leading to
the replacement of a native nucleotide with another.

Splice sites: DNA sequences flanking exons which are important for
mRNA splicing.

Subclonal mutation: A mutation that exists in only a subset of the
neoplastic cells within a tumour.

Transition (mutation): Change of a nucleotide to another of the same
group such as C>T (both pyrimidines) or G>A (both purines).

Transversion (mutation): Change of a nucleotide to another of the
opposite group such as A>C (purine to pyrimidine).

Uniparental disomy (uPD): A genetic modification leading to the loss
of the maternally or paternally derived copy of a genomic region as a
result of replacement of this sequence with the equivalent sequence
derived from the other parent.

Untranslated region (UTR): Exonic region located before the start (5’
UTR) or after the stop (3’UTR) codon of a gene and which do not
encode amino acids.

Whole genome sequencing: Sequencing of the entire sequence of an
individual genome using germline DNA, tumour-derived DNA or
DNA from another cellular source such as cell lines, single cells
etc.

Whole exome sequencing: Sequencing of all the exons of all the genes in
an individual genome (there are approximately 30,000 coding genes
in a mammalian genome). As with whole genome sequencing this
could be done using germline DNA, tumour-derived DNA or DNA
from another cellular source.

speed and capacity in excess of 1 billion-fold and a dramatic
reduction in costs. NGS output is in a digital form, where each
sequencing read, corresponding to an individual genomic DNA
fragment, is captured separately. Reads are then mapped back to
the reference genome using computational aligning algorithms,
allowing the sequence of the whole genome to be analysed in
one sequencing run. Alternatively, genomic regions of interest
can be enriched for prior to sequencing, allowing the investiga-
tor to limit analysis to the coding portion of the genome (whole
exome sequencing), or to specific parts of the genome such as
the exons of a selected set of genes. Importantly, NGS is quan-
titative and can be used to discriminate between homozygous,
heterozygous and subclonal events based on the number ofDNA
molecules supporting each variant (allele burden).
The accumulation of somaticmutations is an inevitable conse-

quence of the passage of time and this is true for any cell, includ-
ing the germ cells through which acquired mutations are passed
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Early clonal
expansion

Clinically
evident tumour 

Advanced
tumour

Chemotherapy-
resistant tumour

Intrinsic
mutational processes 

Environmental
exposures

Chemotherapy

Passenger mutation Driver mutation Chemotherapy resistance mutation

Figure 18.1 The sequence of somatic mutations acquired during cell divisions from the fertilized egg to a single chemoresistant cancer cell.
The mutational processes causing these mutations are also highlighted. Modified from Stratton et al. 2009.

to the offspring, generating diversity in the human and any other
living species. However, mammalian genomes are afforded an
extraordinary level of protection from mutations such that each
nucleotide has only a 1 in 1010 chance of mutation per genera-
tion. Nevertheless, mutations do accumulate with time at a rate
that is influenced by the abundance and nature of mutagens act-
ing on cellular DNA and its proof-reading machinery.
A cancer cell, just like all the other cells in the body, is a direct

descendant of the fertilized egg through a lineage of mitotic cell
divisions. However, the genome of a cancer cell and indeed that
of a normal cell harbour a set of somaticmutations acquired dur-
ing the cell’s own life and the life of its ancestors back to the fer-
tilized egg (Figure 18.1). These are collectively termed somatic
mutations to distinguish them from germlinemutations. In the
following paragraphs we will describe examples of germline as
well as somatic variants associated with cancer and discuss the
processes leading to acquisition of somatic variants.
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Figure 18.2 Different types of mutations and chromosomal rearrangements

Classes of DNA mutations

The structure and sequence of genomic DNA can be altered in
several ways by mutagens. The resulting changes belong broadly
to one of two categories: those that change the nucleotide
sequence at a local scale and those that affect large genomic

regions such as parts of chromosomes or entire chromosomes
(Figure 18.2). Mutations that change the nucleotide sequence of
DNA are broadly classified as substitutions and indels (inser-
tions or deletions). When substitutions affect coding exons,
they can be synonymous (no change in the coded amino acid),
missense (change of the coded amino acid to another amino
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acid) or nonsense (change of the coded amino acid to a stop
codon). When indels affect coding exons they can have sim-
ilar effects. However, if the size of an indel is not a multiple
of three nucleotides the resulting change is a frameshift muta-
tion. Frameshift mutations lead to the translation of a novel
aberrant sequence of amino acids terminating at an endogenous
stop codon sequence.
Both substitutions and indels do occur outside coding exons

where their effects are more difficult to decipher. When they
affect splice junctions of exons, they can lead to reduced usage or
complete exclusion of an exon from the final mRNA.When they
occur elsewhere in the genome they may not have a significant
functional effect, but in some cases they can affect gene regu-
latory sequences. Examples of such mutations having an onco-
genic effect were recently described.
Mutations altering the copy number of regions of the genome

are referred to as amplifications and deletions. They can affect
part of a gene, several genes, large chromosome segments or
whole chromosomes. With these mutations, the net gain or loss
of genes has an oncogenic effect, although for large amplifi-
cations or deletions it is often difficult to pinpoint which of
the several genes involved are most important. Chromosomal
translocations and inversions are a recurrent type of struc-
tural genomic rearrangement in haematological and other can-
cers. With these mutations, two regions of the genome situated
far away from each other are juxtaposed as a result of break-
ages in their host chromosomes, followed by illegitimate fusions
between them. These events can result in the formation of a
fusion oncogene, such as BCR-ABL1 in the t(9;22) in CML or
lead to marked over-expression of a gene such as CCND1 or
MYC in the t(11;14) and t(8;14) respectively (Figure 18.3). In
each of the latter two cases, the target gene is over-expressed as a
result of coming under the control of the strong IGHpromoter in
mantle and Burkitt lymphomas, respectively.Chromothripsis is
a very dramatic type of structural change affecting the genomes
of some cancers. In chromothripsis, tens to hundreds of chromo-
somal rearrangements involving localized genomic regions can
be acquired in an apparently single catastrophic event.
Finally, an important concept in cancer genomics is that of

loss-of-heterozygosity (LOH). As each of us inherits a mater-
nal and a paternal allele for every gene or genomic region, we
are heterozygous throughout our genome. Our heterozygosity
can be verified using polymorphisms that distinguish themater-
nal and paternal alleles. In cancer it is common to find that areas
of the genome have ‘lost their heterozygosity’, as they only dis-
play one of the two alleles and this happens if one of the two
alleles is lost. This can be due either to a deletion of that allele
or its replacement by the other allele (which is now duplicated).
The duplication of one allele and associated loss of the other
is known as acquired uniparental disomy (aUPD) and is the
result of mitotic recombination (or mitotic cross-over) between
two homologous chromosomes. As there is no net loss of genetic
material, aUPD is also known as copy neutral LOH. Mitotic

Fusion gene

Fusion protein Overexpression of
normal protein

Overexpression

Enhancer

Figure 18.3 Common mechanisms of gene activation by
chromosomal translocations: (1) formation of a chimaeric gene by
fusion of the two genes spanning the chromosomal breakpoints
and (2) over-expression of an intact gene through the action of a
potent enhancer translocated upstream.

recombination occurs at a very low rate and the reason it appears
a lot more frequently in cancer is because just like any other
mutation, aUPD can give an additional growth advantage to the
host cell, often by duplicating a previously acquired oncogenic
mutation. For example, FLT3 internal tandem duplications are
commonly duplicated by aUPD.

Inherited predisposition to
haematological cancers

Most haematological malignancies are sporadic and not
attributable to identifiable heritable or environmental risk
factors, with some important exceptions (Table 18.2). For
example, the risk of developing blood neoplasms is higher in
individuals with certain uncommon inherited syndromes. In
most instances, what is inherited is a genetic predisposition to
develop cancer(s) through transmission of genetic variants that
are either oncogenic themselves or accelerate the acquisition
of somatic mutations that cause overt cancer. As cancer is a
multistep process, acquiring the first oncogenic variant through
germline transmission significantly increases the chances of
acquiring the full set of variants that generate a cancer during
the person’s lifetime, hence the increased risk of cancer in these
individuals. Also, as germline mutations are present in all cells
of the body, they can have developmental effects in several
organs and tissues. For this reason, many of the common
mutations acquired somatically in cancer are never seen as
heritable mutations. For example the acute myeloid leukaemia
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Table 18.2 Examples of risk factors for the development of
leukaemia and lymphoma

Germline syndromes
� Oncogenic variants
◦ RUNX1 (familial platelet disorder with propensity to
myeloid malignancy)
◦ CEBPA (rare cases of familial AML)
◦ NF1 (Type I neurofibromatosis)
◦ PTPN11 (Noonan’s syndrome)
◦ CBL (rare cases of JMML)

� Variants that increase mutagenesis
◦ BLM (Bloom’s syndrome)
◦ ATM (Ataxia Telangiectasia)

� Predisposition alleles/haplotypes
◦ 46/1 haplotype in PV/ET
◦ Several alleles in multiple myeloma, e.g. rs603965 in t(11;14)
◦ Several alleles in chronic lymphocytic leukaemia, e.g.
rs13397985

Endogenous mutagenic processes
� Spontaneous deamination of methylated cytosines at CpG
islands
� Cytidine deaminases (AID, APOBEC)
� RAG-driven deletions, e.g. in B-ALL carrying t(12;21)
Exogenous mutagenic processes
� Biological
◦ EBV infection (EBV-driven lymphoproliferative disorder)
◦ HTLV-1 infection (adult T-cell leukaemia/lymphoma)
◦ HHV-6 (Castelman’s disease and lymphomas of serous
cavities)

� Chemical
◦ Benzene
◦ Chemotherapeutic agents

� Physical
◦ Ionizing radiation

(AML)–associated NPM1 mutations lead to early embryonic
lethality in mice and unsurprisingly are never seen as germline
mutations in humans.
In familial platelet disorder with propensity tomyeloidmalig-

nancy (FPD/AML), heterozygous inheritance of a RUNX1
oncogenic variant causes an autosomal dominant syndrome
characterized by mild to moderate thrombocytopenia, abnor-
malities of platelet function and a propensity to develop
myelodysplasia (MDS) and/or AML. RUNX1 is a transcription
factor critical for the establishment of definitive haemopoiesis
and a target of somatic mutations including deletions, translo-
cations, substitutions and indels in leukaemia. Most familial
RUNX1mutations in FPD/AML lead to premature stop codons
or affect the Runt domain of the gene involved in DNA bind-
ing. The median incidence of myeloid malignancy in FPD/AML
ranges between 20 and 65% between families, but even within
the same family affected individuals may present with variable
clinical severity and at varying ages. This highlights howRUNX1
mutations are insufficient for carcinogenesis in isolation, but
require co-operating somaticmutations for cancer development.

In fact mutations affecting the other copy of RUNX1 as well as
unrelated chromosomal deletions and translocations are com-
monly seen at the time of leukaemia progression.
An increased risk of malignancy can also arise from inher-

itance of variants in genes not directly implicated in cancer.
Bloom’s syndrome is an autosomal recessive disorder character-
ized by predisposition to the development of haematological and
solid cancers, along with a constellation of physical findings. In
this disorder, biallelic mutations in the gene for the DNA heli-
caseBLM result in awidespread genomic instability and a highly
increased rate of mitotic recombination leading to aUPD. This
can lead to rapid homozygosity of oncogenic mutations and an
increased growth advantage to the host cell.
As well as genetically well-defined syndromes such as the

ones described above, a predisposition to cancer is also seen in
some familieswith haematologicalmalignancies, includingCLL,
myeloma and lymphoma. The increase in risk is generally small
and the genetic basis unclear, however genome-wide associa-
tion studies (GWAS) have identified areas of the genome within
which the genetic risk ‘resides’.
An intriguing example of inherited risk comes from the

observation that JAK2 mutations, found in most cases of poly-
cythaemia vera (PV) and also in other myeloproliferative neo-
plasms, are acquired preferentially within a particular JAK2 hap-
lotype called 46/1. This haplotype, whose frequency in Euro-
peans is approximately 25%, appears to ‘invite’ the acquisition of
somatic JAK2 V617F mutations and gives a 3–4 times increased
risk of developing JAK2-V617F-positivemyeloproliferative neo-
plasm. It is not clear what underlies this phenomenon, but one
possibility is that acquisition of JAK2 V617F on this haplotype
gives a greater growth advantage to the host cell than its acquisi-
tion on any other JAK2 haplotype (‘fertile ground hypothesis’).
An alternative hypothesis is that the mutation occurs more fre-
quently on this haplotype (hypermutability hypothesis).
Finally, another phenomenon of predisposition to a specific

acquired mutation occurs in children with Down syndrome.
In the first three years of life, up to 10% of these children
develop transient myeloproliferative disorder (TMD), a disease
that mimics AML, but typically resolves spontaneously within a
few months. Almost all cases of TMD carry somatic mutations
affecting the X-linked transcription factor GATA1, which drive
the proliferation of leukaemic cells in TMD. The mutations dis-
appear with the resolution of the TMD.

Acquired DNA mutations in haematological
cancers

Although a lot can be learned from studying genetic suscep-
tibility to cancer, neoplasms arise as a result of somatically
acquired DNA mutations. The accumulation of somatic muta-
tions is an inevitable consequence of the passage of time and this
is true for all cells of all living organisms. However, mammalian
genomes are afforded an extraordinary level of protection from
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Figure 18.4 Median number of mutations per exome
in various haematological and solid cancers.

mutations. Nevertheless, mutations do accumulate with time
at a rate which is determined by the very small infidelity of
the DNA replication and repair machinery and by the degree
of exposure to endogenous or exogenous mutagens. Therefore,
each somatic cell and by extension each cancer cell, harbours a
variable number of somatic mutations, which accrued during its
lifetime and that of its ancestors from the fertilized egg onwards
(Figure 18.1). This cargo of mutations in the cancer cell genome
can be generated through a number of different mutational pro-
cesses. The number and the nature of the mutations can pro-
vide important pathogenic information and in some cases iden-
tify the responsible mutagen and the extent of its impact on
the genome. For example, it is evident that the total number of
mutations identified in the genomes of different forms of can-
cer varies widely and reflects the type and length of exposure to
different mutagens (Figure 18.4). Also, studies of the particular
type of change in DNA sequence can give important informa-
tion about the mutagens and processes involved. More than 30
such mutational signatures have now been described and for
many of these the responsible biological processes or mutagens
have been identified. Below we discuss some of these processes.

Endogenous processes
A specific type of DNA mutation that affects all cells is the
spontaneous deamination of methylated cytosines primarily at
CpG islands which, if not corrected by editing enzymes, leads
to a C > T transition. This process causes mutations at a very
slow, but constant, rate and is thought to account for most of
the spontaneous background mutation rate and for the under-
representation of CpG dinucleotides in mammalian genomes.
It is thought to play a role in the evolution of species and can
lead to cancer development if it causes oncogenic mutations. In
fact it is the only recognizable mutational process in most AML
genomes.

A different set of mutagenic signatures relevant to haemato-
logical cancers are caused by the cytidine deaminases APOBEC
and AID (activation-induced deaminase). APOBEC proteins
are a group of RNA editing enzymes that under certain cir-
cumstances cause specific types of DNA mutations, including
a signature common to B-lymphoid neoplasms including ALL,
CLL, MM and DLBCL. These mutations are in the form of
N > C at TpCpN trinucleotides (where N is any nucleotide) and
are often associated with local hypermutation of regions of the
genome, a phenomenon known as ‘kataegis’. AID is the master
regulator of secondary antibody diversification and initiates the
class-switch recombination and hypermutation of immunoglob-
ulin genes. Ectopic action of AID has been detected at a number
of secondary sites, some of which have been implicated in the
pathogenesis of CLL and DLBCL (e.g. BCL-6 mutations and
IGH translocations).
Another group of DNA editing enzymes, the RAG endonucle-

ases RAG1 and RAG2,mediate the physiological V(D)J recom-
bination process during B-cell development. In cases of B-ALL
carrying t(12;21) and expressing the chimeric ETV6-RUNX1
fusion protein, the RAG enzymes can be aberrantly activated to
drive a mutational process characterized by deletions scattered
across the genome at regions flanked by recombination signal
sequence motifs. These deletions can be oncogenic and collabo-
rate with ETV6-RUNX1 to drive B-ALL.

Exogenous processes
The best knownmutagen, tobacco smoke, causesmutationswith
a particular signature which abound in the genomes of lung and
some other epithelial cancers from smokers. So far, no evidence
of this signature has been described in haematological cancers
and the same can be said for UV-induced mutations. However,
exposure to a number of exogenous biological, chemical and
physical agents can lead to haematological cancers. One of the
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best studied examples is the correlation between Epstein–Barr
virus (EBV) infection and development of cancers, including
lymphomas. Asymptomatic EBV infection can be demonstrated
in >90% of the world population, in whom the virus can
establish a latent infection in B-lymphocytes. The latent virus
expresses a set of genes/antigens to maintain the viral genome
and to successfully evade host immune surveillance. The same
antigens have the ability to manipulate several cellular pathways
and promote B-cell proliferation. This proliferation is normally
kept in check by EBV-specific T lymphocytes that continu-
ously survey and suppress infected B cells. However, in some
highly immunosuppressed individuals, such as bone marrow
or solid organ transplant recipients, this suppression fails and
an EBV-driven B-cell lymphoma develops (post-transplant
lymphoproliferative disorder). EBV is also implicated in the
pathogenesis of Burkitt lymphoma and Hodgkin lymphoma,
although the mechanism leading to neoplastic transforma-
tion is less understood. Similarly, infection with the human
T-lymphotropic virus type 1 can lead to development of adult
T-cell leukaemia/lymphoma, whilst HIV infection significantly
increases the risk of B-cell lymphomas through reduction of
anti-tumour immuno-surveillance, a risk that can be mitigated
by combination antiretroviral therapy.
Among oncogenic chemical and physical agents in haematol-

ogy, exposure to benzene, ionizing radiation, alkylating agents
and other chemotherapeutic agents have been clearly linked
to the development of leukaemia and lymphoma with variable
latency. A particular example is that of the association between
exposure to topoisomerase inhibitors, such as etoposide and
anthracyclines, and the development of acute leukaemia asso-
ciated with chromosomal translocations involving the mixed
lineage leukaemia (MLL) gene on chromosome 11q23. Topoi-
somerase II (Topo II) creates double-stranded breaks during
execution of its function of relaxing overwound DNA, and it
appears that Topo II inhibitors may stabilize complexes that are
formed between the enzyme and free DNA ends, thus increas-
ing the likelihood that those ends might participate in a translo-
cation. The possibility has been raised that naturally occur-
ring Topo II inhibitors have a causative role in some cases of
leukaemia, but there is no good evidence to support this.

From genotype to phenotype

Regardless of how mutations are generated, most of them will
not impart a growth advantage and are deemed to be ‘passen-
gers’. In most cancers only a minority of mutations are ‘drivers’,
a term used to signify mutations that impart oncogenic proper-
ties to the host cell(s) and drive cancer growth; either by activat-
ing oncogenes or inactivating tumour suppressor genes. While
a definitive categorization of any mutation as a driver would
require functional evidence that the variant can actually cause

cancer, this is impractical for the ever-increasing number of vari-
ants that are identified by NGS studies. Instead, the ‘driver’ label
is commonly given to mutations that are seen in any cancer type
more often than would be expected by chance. Implicit in this
working definition is the fact that it relies on some statistical cal-
culation of ‘chance’ and is therefore prone to some error. In other
words, some of the less frequently observed true drivers may not
make the cut, whilst some passengers may fortuitously do so.
Another important concept to highlight here relates to the fact

that each cancer has several driver mutations that work together
to endow the cancer cells with their neoplastic phenotype.When
studying these mutations, what becomes clear is that certain
mutations co-occur regularly in the same cancer (e.g. NPM1 and
FLT3 mutations in AML), whilst others almost never co-occur
(e.g. JAK2 and CALR mutations in MPD). When these obser-
vations are combined with what we know about the function of
individual mutations, it becomes apparent that mutations that
co-occur more often than expected by chance (co-occurrence),
complement each other in transforming the host cell. By con-
trast, mutations with similar function do not co-occur or do so
less often than expected by chance (mutual exclusivity), as only
one or the other is sufficient to cause a specific effect or subvert
a particular pathway.
Below we discuss some important examples of driver muta-

tions from different haematological malignancies and highlight
some of the better understood genetic pathways subverted in
these cancers.

NOTCH-signalling and lymphoid malignancies

NOTCH1 is a cell surface receptor with a central role in T-
lymphopoiesis. It regulates interactions between adjacent cells
and is activated by ligand binding, which triggers heterodimer-
ization of the receptor and proteolytic cleavage of an intracellular
peptide (ICN1=intracellular domain ofNOTCH1) thatmigrates
to the nucleus, where it affects DNA transcription. In the bone
marrow, NOTCH1 signalling is required to promote the genera-
tion of T-lymphoid precursors from early haemopoietic progen-
itors, at the expense of B-lymphopoiesis. T-cell precursors sub-
sequently migrate to the thymus, where NOTCH1 signalling is
essential for survival and differentiation of T-cells with a suc-
cessfully rearranged ab T-cell receptor. Furthermore, NOTCH1
is required for T-cell proliferation in the presence of antigen pre-
senting cells in peripheral tissues.
Given its physiological roles above, it is not surprising that in

the multistep process leading to T-cell lymphoblastic leukaemia
(T-ALL), constitutive activation of NOTCH1 signalling is one
of the most prominent genetic events. It is present in 60% of
T-ALL cases, and it invariably results in constitutive activa-
tion of ICN1 and of its transcriptional activity. Interestingly,
deregulated ICN1 activity can be achieved through different
molecularmechanisms, all of which represent subversions of the
physiological pathway (Figure 18.5). Point mutations affecting
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Figure 18.5 Schematic representation of NOTCH1 signaling and
possible inhibitory strategies. NOTCH1 undergoes a double
proteolytic cleavage upon interaction with the delta-like 4 ligand.
The first is by the ADAM10 metalloprotease and can be inhibited
by anti-NOTCH antibodies. The second cleavage is by the gamma
secretase complex, that can be targeted by small molecules. This
double cleavage results in the release of the intracellular domain of
NOTCH1 (ICN1) which activates transcription of target genes in
the nucleus. FBXW7 antagonizes this activity by targeting activated
NOTCH1 to the proteasome. Lastly, small SAMH1 peptides
disrupt the NOTCH1 nuclear transcriptional complex.

the heterodimerization domain of NOTCH1 result in ligand-
independent activation, while truncating mutations of the C-
terminal regulatory PEST domain result in increased half-life of
ICN1. Rarely,NOTCH1 is involved in the chromosomal translo-
cation t(7;9), which results in the expression of a truncated
and constitutively active form of the protein. Finally loss-of-
function mutations of FBXW7, an E3 ubiquitin protein ligase
that targets ICN1 for degradation, similarly result in its consti-
tutive activation. Studies have shown that ICN1 over-expression
causes leukaemia by altering the transcriptional profile of the
cell and in particular by activating the oncogene MYC. Among
co-operating recurrent events are deletions of the CDKN2A
tumour suppressor locus, encoding a negative regulator of the
cell cycle and a positive regulator of p53, present in up to 70% of

T-ALL. In addition, T-ALLs characteristically show transloca-
tions and aberrant expression of transcription factor oncogenes,
and deletions of other tumour suppressor genes. Clearly, dif-
ferent T-ALL cases will display different arrays of such genetic
lesions; however, it appears that T-ALL cells rely on NOTCH1
signalling independent of itsmutational status,making the path-
way an attractive therapeutic target.
The well-defined role of NOTCH1 in T-cell development

explains the relative specificity of these mutations to T-ALL.
However, recently NOTCH1 PEST domain mutations were
identified in approximately 10% of CLL, where they constitute
a poor prognostic indicator. In most cases NOTCH1 mutations
occur in the subgroup of CLL with unmutated IGHV genes
and cases with trisomy of chromosome 12 as the sole cytoge-
netic abnormality. Unlike T-ALL, NOTCH1 mutations in CLL
are almost exclusively frameshift or nonsense events, cluster-
ing within a hotspot in exon 34 of the gene and generating a
truncated protein. The identification of NOTCH1 mutations in
CLL may be somewhat surprising, given the role of this gene
in T-cell development; however, NOTCH1 signalling has a well-
defined role in promoting terminal differentiation of mature B-
lymphocytes to antibody-secreting cells. The theme of cancer
mutations targeting genes involved in physiological pathways
important to different types of cells in the body is very common
in both haematological and solid tumours.

Epigenetics and leukaemia

The regulation of transcription is the fundamental regulatory
node for controlling gene expression. The process requires phys-
ical access of specialized proteins to genomic DNA in order to
read and transcribe the code into RNA. However, every human
cell contains about 2meters of linear genetic information, which
is packaged into a nucleus with a 6 μm diameter. This packag-
ing is achieved by ‘wrapping’ genomic DNA around histones, a
family of ultra-highly conserved nuclear proteins. This moulds
genomic DNA into a beads-on-string configuration, which is
then further folded and tightly compacted into a macromolec-
ular complex known as ‘chromatin’. This makes access to DNA
very challenging, but also turns histones into the custodians of
such access; a role which they conduct primarily through their
N-terminal protein ‘tails’. In fact, the process is controlled by dif-
ferent post-translational modifications of these histones, includ-
ing methylation, acetylation and phosphorylation, which can
lead to increased or decreased access toDNAand by extension to
a higher or lower level of gene transcription, respectively. Addi-
tionally, changes to the DNA itself have a further role in control-
ling gene expression. The area of biology concerned with these
phenomena is known as ‘epigenetics’ and corruption of epige-
netic processes is a frequent event in leukaemogenesis.
Amongst the better understood examples of leukaemogenic

mutations operating through their aberrant effects on chro-
matin are those affecting theMLL gene. MLL is a lysine-specific
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Figure 18.6 Functional consequences of disrupted
MLL activity by an MLL fusion protein (MLL-X). The
fusion protein acts in a dominant manner recruiting
the normal MLL protein to lysine residues (K4 and
K79) of histones that are not normally targeted by
MLL and whose methylation promotes active and
aberrant transcription of the downstream genes (such
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methyltransferase which normally methylates specific lysine
residues in histone tails to alter chromatin accessibility and
increase gene expression. In the haemopoietic system, the
MLL protein activates transcription of posterior HOXA genes
(HOXA7-A10), which promote the self-renewal of HSCs and
immature progenitors. In normal haemopoiesis, their expres-
sion is maintained by MLL in the HSC/immature progenitor
compartments and diminishes as cells differentiate. However,
MLL is a recurrent target of chromosomal translocations, which
lead to an aberrant fusion of this gene to one of more than 80
gene partners. MLL-fusion proteins hijack the function of MLL
and misdirect it to histone lysine residues, which are not nor-
mally targeted by the wild-type MLL. For example, the MLL-
AF9 fusion protein was shown to be co-recruited with normal
MLL (expressed from the intactMLL allele) to theHOXA9 gene
locus, where the two proteinsmethylate different lysines on local
histones to ‘open’ the chromatin and increase HOXA9 mRNA
expression (Figure 18.6). This results in aberrant self-renewal of
haemopoietic progenitors, leading to leukaemia.
Recent developments in this area have identified that BET

(bromodomain and extraterminal) proteins are important for
recruiting MLL fusion proteins to chromatin. Inhibitors of the
interaction betweenMLL fusion proteins and BRD4, a BET fam-
ily member, have shown potent antileukaemic activity against
MLL-fusion leukaemias and have recently entered clinical trials.
As well as effects on chromatin, leukaemogenicmutations can

alter the normal processes involved in the other important set
of epigenetic events, namely modifications of DNA itself. The
most important DNAmodifications are those affecting cytosine
residues, which can be methylated by DNA methyltransferases
such as DNMT3A and DNMT3B to form methylcytosine,
a residue that is generally inhibitory to gene transcription.
Additionally, cytosine methylation is an important process for
suppressing the expression of the large numbers of genomic
parasites found in mammalian genomes, such as transposons
and endogenous retroviruses. However, cytosines at particular
parts of the genome rich in cytosine-guanine dinucleotides
and known as CpG islands, are not always methylated. CpG
islands are frequently located at the promoter regions of genes
and methylation of cytosines in these islands is associated
with reduced gene expression. In fact, unmethylated CpG

cytosines are frequently found in regions of ‘open’ chromatin
where histones allow the transcription machinery access to the
genomic DNA.
So how do cytosines become unmethylated? In fact, with

the exception of germ cells, the process was poorly under-
stood until recently. It appears that instead of demethyla-
tion, methylcytosines can undergo hydroxylation to hydroxy-
methylcytosines by enzymes known as TET dioxygenases;
namely TET1, TET2 and TET3. These enzymes can further
modify hydroxy-methylcytosine to formyl- and then carboxyl-
cytosine, which can then be converted back to a cytosine. Impor-
tantly, the hydroxyl group for the initial hydroxylation by TETs
comes from α-ketoglutarate produced by the action of isocitrate
dehydrogenase 1 or 2 (IDH1 or IDH2) as an intermediate in the
tricarboxylic acid (Krebs) cycle (Figure 18.7).
A number of key genes involved in the above processes are

recurrently mutated inmyeloid and less often in some lymphoid
malignancies. In particular, DNMT3A mutations are found in
30%, TET2 in 10%, whilst IDH1 and IDH2 are each mutated
in 7–8% of cases of AML. Additionally, all of these genes are
mutated in other myeloid neoplasms including MDS, MPN and
CMML. Both DNMT3A and TET2 are targeted by nonsense
or other loss-of-function mutations that can be homozygous
or heterozygous. However, the most frequent DNMT3A muta-
tion is a missense mutation leading to substitution of arginine
882 with histidine (R882H) or cysteine (R882C) and less com-
monly serine (R882S) or phenylalanine (R882P). These substi-
tutions are almost always heterozygous, but they are thought to
have a dominant negative effect, i.e. as well as lacking methylase
activity themselves, they act to inhibit the methylase function of
the remaining normal DNMT3A allele, although they may also
have other effects. Mutations affecting IDH1 and IDH2 have
the effect of disrupting the enzymatic function of TET proteins
by generating the ‘oncometabolite’ 2-hydroxyglutarate (2-HG)
instead of α-ketoglutarate. There is now good evidence that 2-
HG mediates the oncogenic properties of these mutations, by
inhibiting the function of TETs and also that of a number of
chromatin-modifying enzymes such as histone demethylases. In
keeping with this, IDH1, IDH2 and TET2 mutations do not
occur together in the same AML, supporting the premise that
they influence similar genetic pathways (see mutual exclusivity
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Figure 18.7 Enzymes involved in DNA methylation whose
mutations are implicated in myeloid disorders. The metabolic
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oncometabolite 2-hydroxyglutarate is produced, instead of
α-ketoglutarate, by the action of mutant IDH1 or IDH2.
2-hydroxyglutarate inhibits TET dioxygenases (including TET2)
and other epigenetic enzymes.

and co-occurrence earlier in this chapter). Studies to under-
stand themolecular consequences ofDNMT3A, TET2 and IDH
mutations have demonstrated that their effects on DNA methy-
lation are genome-wide rather than being specific to leukaemia
genes. In other words, it is probable that they change gene
expression of some genes that promote leukaemia and others
that do not. However, their net effects are pro-leukaemic.
Mutations affecting IDH1 and IDH2 are gain-of-function

changes, which in contrast to loss-of-function mutations are
usually more amenable to targeting by new therapies. The
specific mutations affecting codons IDH1 R132, IDH2 R140
and IDH2 R172 (Figure 18.7) are seen commonly in myeloid
malignancies, but also occur in non-haemopoietic cancers such
as glioblastoma and cholangiocarcinoma. IDH1 and IDH2
inhibitors are now in early phase clinical trials and showing sig-
nificant promise against AMLs carrying these mutations.

Tyrosine kinases and myeloproliferation (see
also Chapter 26)
Tyrosine kinases are critical for the responses of haemopoi-
etic progenitor cells to external growth stimuli. The binding
of a ligand to the extracellular surface of a receptor tyrosine
kinase (RTK) promotes receptor dimerization, which in turn

stimulates autophosphorylation of specific tyrosine residues
within the intracellular part of the protein. The dimerization
and associated increase in kinase activity result in recruitment
of effector molecules and activation of downstream signalling
pathways. Many cytoplasmic tyrosine kinases are also thought
to be activated by phosphorylation and dimerization. Individ-
ual myeloproliferative disorders are associated with activation of
different tyrosine kinases, with specific correlation between gene
mutations and the resulting neoplastic phenotype. For exam-
ple, the kinase activity of JAK2 is increased by point mutations
(e.g. Val617Phe) in almost all cases of polycythaemia vera and
50% of essential thrombocytemia, while point mutations in KIT
(Asp816Val) are present in 90% of cases of systemic mastocyto-
sis. As a consequence of these changes, the corresponding sig-
nalling pathway is activated and this provides the transformed
cell with a proliferative or survival advantage.
Tyrosine kinases can also be activated by translocations, like

in CML where the BCR gene becomes fused in-frame with
the ABL1 tyrosine kinase gene as a consequence of the Ph
translocation (Figure 18.8). This usually results in the forma-
tion of a fusion protein of 210 kDa (hence p210 BCR-ABL).
The fusion protein displays constitutive ABL1 kinase activity
promoted by dimerization through the coiled-coil domain of
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the BCR protein. Numerous downstream pathways are activated
by the BCR-ABL1 protein. For example, activation of the RAS
pathway is thought to contribute to the increased cell division
and proliferation seen in CML cells, altered interactions with
the actin cytoskeleton may underlie the diminished adhesion
to inhibitory bone marrow stromal cells and STAT5-dependent
upregulation of BCL-XL is implicated in the reduced apopto-
sis of CML progenitors. Transgenic mouse models have demon-
strated thatBCR-ABL is sufficient to induce dramatic expansion
ofmyeloid precursors in vivo leading to a phenotype that resem-
bles the human disease.
As shown in Figure 18.8, two other versions of the BCR-

ABL1 protein exist in which the breakpoint occurs in different
introns of the BCR gene than those usually seen in CML. The
smaller protein, p190 BCR-ABL, is found in Ph-positive ALL
and has a higher level of constitutive tyrosine kinase activity
than the p210 BCR-ABL protein. This is thought to contribute
to the more aggressive behaviour of the ALL. A p230 BCR-ABL
isoform is found rarely in patients with CML. In some cases, it
is associated with a morphological picture resembling chronic
neutrophilic leukaemia and possibly a lower rate of acute
transformation. These variants illustrate how small structural

differences in a fusion protein can cause significant differences
in disease phenotype.
A group of related tyrosine kinases (PDGFRA, PDGFRB and

FGFR1) can participate in fusion genes found in eosinophilic
myeloproliferative disorders. A remarkable feature of these syn-
dromes is the large number of fusion partners described for
each of these kinases, with more than 10 partners currently
known for FGFR1, more than 5 for PDGFRA and more than
20 for PDGFRB. As with BCR in BCR–ABL1, most of these
partners harbour dimerization domains that facilitate constitu-
tive activation of the tyrosine kinase. However, reflecting their
molecular heterogeneity, these disorders exhibit significant clin-
ical diversity. For example, cases associated with the FIP1L1-
PDGFRA fusion exhibit marked eosinophilia, while those asso-
ciated with ETV6-PDGFRB often show dysplastic features and
a lesser degree of eosinophilia. Additionally, cases involving
FGFR1, collectively known as the 8p11 myeloproliferative syn-
drome, are usually associated with a co-existing non-Hodgkin
lymphoma. Notably, cases associated with rearrangements of the
PDGFR genes respond well to imatinib, while those associated
with FGFR1 fusions do not. Newly developed FGFR inhibitors
are currently being tested against the latter.
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GM-CSF and RAS signalling in juvenile
myelomonocytic leukaemia
Juvenile myelomonocytic leukaemia (JMML) is a rare disor-
der of childhood characterized by a marked expansion of both
myeloid andmonocytic lineages, with varying degrees of dyspla-
sia and exquisite sensitivity to granulocyte–macrophage colony-
stimulating factor (GM-CSF) in colony assays. These features
reflect the fact that components of the GM-CSF receptor sig-
nalling and its key downstream effector, the RAS pathway, are
frequently mutated in JMML (Figure 18.9).
The Ras genes (KRAS, NRAS and HRAS) code for small

GTPases that operate as molecular switches, which are ‘on’ when
bound to GTP and ‘off ’ when the GTP is hydrolysed to GDP.
Ras has only weak GTPase activity and in order to hydrolyse
GTP and turn itself ‘off ’ it requires activation by a GTPase-
activating protein (Ras-GAP). Once GTP is hydrolysed to GDP,
Ras re-activation requires that GDP is exchanged for GTP. The
latter process is catalysed by guanine nucleotide exchange fac-
tors (GEFs), which release GDP and allow Ras to bind the more
abundant GTP. Once active, Ras stimulates cell proliferation by
activating a number of cellular pathways, including mitogen-
activated protein kinase (MAPK), PI3 kinase (PI3K) and phos-
pholipase C epsilon (PLCε).
Mutations in the NRAS and KRAS genes are seen in many

solid cancers, but also in several haematological malignan-
cies, including AML, MDS, chronic myelomonocytic leukaemia
(CMML), myeloma and others. Analyses of samples from
patients with JMML show point mutations in NRAS and KRAS
in approximately 25% of cases. The point mutations cause sin-
gle amino acid substitutions, which result in constitutively active

forms of the protein and thus mimic markedly amplified sig-
nalling from the GM-CSF receptor. The neurofibromin (NF1)
gene has Ras-GAP activity and is therefore a Ras inhibitor. Inter-
estingly, germline inactivating mutations in the NF1 gene cause
neurofibromatosis type 1, an autosomal dominant disorder
characterized by protean clinical features, including increased
risk of developing JMML and other tumours. Patients who have
both neurofibromatosis type 1 and JMML have a high frequency
(60%) of somatic inactivatingmutations of the secondNF1 allele
in the leukaemic cells. Furthermore, inactivatingNF1mutations
are found in 15% of sporadic cases of JMML without the clinical
syndrome of neurofibromatosis. It appears, therefore, that NF1
acts as a classical tumour suppressor gene, where two-step inac-
tivation of both alleles allows unchecked signalling through the
RAS pathway. A similar story holds true for the gene PTPN11,
which encodes the tyrosine phosphatase SHP2. Germline muta-
tions of this gene can cause the developmental disorder Noo-
nan’s syndrome, which is associated with an increased incidence
of JMML. Up to 35% of non-syndromic patients with JMML
have somaticmutations of PTPN11 in their leukaemic cells. The
mutations all cause amino acid substitutions clustering in the N-
terminal SH2 domain of the protein, which are thought to result
in enhanced phosphatase activity and activation of the down-
stream RAS pathway, giving the host cells a growth advantage
over their normal counterparts.
Most recently, mutations in the gene CBL were identified

in 10–15% of JMML cases. Their identification followed the
observation that some JMML cases exhibited aUPD of the
long arm of chromosome 11. Further studies showed that these
patients were born with germline heterozygous loss-of-function
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mutations in CBL, which became homozygous by duplicating
the part of chromosome 11 carrying the mutation. CBL is an E3
ubiquitin ligase that controls proliferative signalling networks by
downregulating the growth factor receptor signalling cascades
in various cell types. JMML-associated mutations thus lead to
complete loss of E3 ligase activity and increased GM-CSF recep-
tor kinase activity and downstream signalling.
Thus, the common theme underlying most JMML is

enhanced GM-CSF receptor pathway signalling, and this can be
achieved by activating mutations of a positive regulator (such
as RAS or PTPN11) or inactivating mutations of a negative
regulator (NF1 or CBL). Not surprisingly, mutations in RAS,
NF1, PTPN11 or CBL are mutually exclusive, suggesting that
mutation of just one component is sufficient to activate the
signalling pathway and that additional mutations in the path-
way offer little additional advantage. Other mutations that have
been reported to occur less frequently in JMML target the genes
includeASXL1, FLT3, SETBP1 and JAK3, with the last two con-
ferring a poorer prognosis.

Other Ras pathway mutations in haematological
malignancies
The Ras protein superfamily comprises more than 100 related
small GTPases with diverse functions, including the Ras, Rho,
Rab, Rap and Arf subfamilies. Mutations in HRAS, discovered
in 1982, were the first example of a human transforming onco-
gene. The closely related KRAS and NRAS were also found
to be mutated in a plethora of different solid and haemato-
logical cancers. However, mutations in members of some of
the other Ras subfamilies and also in genes coding for pro-
teins in their downstream signalling cascades have been iden-
tified more recently. Most famous amongst them are mutations
in BRAF, found frequently in melanoma and colorectal can-
cer amongst others. Amongst haematological cancers,mutations
in BRAF were recently found in virtually all cases of hairy cell
leukaemia and also in about 10% of cases of myeloma and less
frequently in other lymphoid tumours. Also, mutations in the
phosphatase PTPN1 are present in 20–25% of Hodgkin and pri-
marymediastinal B-cell lymphomas; whilstmutations inRHOA
were recently identified in 25–30% of peripheral T-cell lym-
phomas including 75% of angioimmunoblastic lymphoma.

Multiple myeloma

Unlike any other somatic cell type, B and T lymphocytes
undergo physiological DNA rearrangements during their devel-
opment. These events are confined to the loci encoding their
antigen receptor components, and are required to generate the
necessary antigen receptor diversity. In the case of B lympho-
cytes, the antigen receptor specificity is first generated through
rearrangement of the V(D)J region mediated by the RAG1 and
RAG2 enzymes when the developing B-cell is still in the bone

marrow. In the mature circulating B-cell, the activation-induced
(DNA-cytosine) deaminase (AID) protein then mediates two
further processes, class-switch recombination and somatic
hypermutation in the germinal centre of secondary lymphoid
organs. While the former is required to change the class of the
antibody produced by the B-cell (e.g. IgM to IgG), the latter
introduces random point mutations in the antigen-binding site
of the immunoglobulin in an attempt to increase its specificity.
V(D)J rearrangements and class-switch recombination are
achieved through generation of DNA double-stranded breaks
(DSB) at specific consensus sites, deletions of part of the locus,
and subsequent non-homologous end joining of the two DNA
ends.
Multiple myeloma is a neoplasm of antibody-producing post-

germinal centre B-lymphocytes. As an unwanted side-effect of
their development, B-cells can occasionally acquire transloca-
tions caused by illegitimate joining of a DSB in the Ig region
with a second DSB elsewhere in the genome, both caused
by the activity of RAG or AID. In fact, about 40% of multi-
ple myeloma cases show deregulated expression of oncogenes
caused by their translocation next to highly active immunoglob-
ulin (Ig) regulatory elements. This is a common theme in lym-
phoid malignancies in general, and underscores the tight link
between normal developmental processes and cancer. Notably,
Ig translocations in multiple myeloma do not usually result in
fusion proteins, but rather in deregulated over-expression of a
full-length proto-oncogene under the control of highly active
Ig enhancer elements. Deregulation of the G1/S transition is a
key early molecular abnormality in myeloma, and frequently a
D-group cyclin is deregulated in Ig translocations. This can be
either through a direct mechanism, whereCCND1 andCCND3
expression is driven by Ig enhancers in the t(11;14) and t(6;14),
respectively, or it can occur indirectly, such as in t(14;16) where
over-expression of MAF leads to activation of CCND2. The
t(4;14), present in 15–20% of multiple myeloma cases, is by con-
trast a rare example of a translocation resulting in the simulta-
neous deregulation of two oncogenes, FGFR3 on der(14) and
MMSET on der(4). Over-expression of FGFR3 protein occurs
in only approximately 70% of patients with the translocation,
while MMSET is over-expressed in all cases. The MMSET gene
product is a histone methyltransferase with affinity for H3K36
and H4K240, and its deregulated expression can influence DNA
damage repair processes and the overall transcriptional profile
of the cell. FGFR3 is a transmembrane tyrosine kinase receptor
that is involved in key embryonic and adult processes including
regulation of proto-oncogenic pathways such as the mitogen-
activated protein kinase (RAS-RAF-MAPK), phosphatidylinos-
itol 3-kinase (PI3K-AKT-mTOR), phospholipase Cg (PLCg),
protein kinase C (PKC) and signal transducer and activator
of transcription (STAT). Interestingly, activating mutations of
FGFR3 and MMSET are also found in multiple myeloma and
other malignancies, indicating that they may be more broadly
implicated in oncogenesis.
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Multiple myeloma shows multistep evolution and is almost
invariably preceded by the premalignant condition, monoclonal
gammopathy of unknown significance (MGUS). Chromosomal
aberrations are regularly present in MGUS, indicating that Ig
translocations are early events in the pathogenesis of multi-
ple myeloma, whilst transition towards full-blown myeloma is
achieved through the step-wise acquisition of additional muta-
tions. Among those are deletions of chromosomes 1p, 13 and
17p, and amplification of chromosome. Furthermore, mutations
of genes involved in the MAPK signalling pathway, including
KRAS, NRAS, NF1 and the downstream protein BRAF are
present in about 50% of cases, and their frequency increases in
more advanced cases, again underscoring the broad relevance of
this pathway to carcinogenesis.

Clonal evolution and subclonal
architecture of haematological cancers

Clonal evolution of cancer

Cancer develops through the serial acquisition of somatic muta-
tions in an individual cell and its progeny. The mutations are
usually acquired in a stepwise manner, such that each time a
new driver mutation is acquired, this can be seen as a cloning
event. In other words, the new mutation en route to neoplasia
can be seen as an event that extricates that cell from its peers,
such that the onward path towards cancer continues in this indi-
vidual cell’s progeny. The next step in cancer evolution occurs
when a new driver mutation arises in this progeny and a new

clone is formed and so on. The process continues until a cell
acquires a complement of drivermutations for frankmalignancy
to become manifest (linear evolution, Figure 18.10). In reality,
the length of time required for this process is long enough for
different individual cells within each of the serially appearing
clones to acquire different mutations and continue along their
own independent paths towards cancer (branching evolution),
although one clone will usually get there first and represent the
bulk of the disease. This process has been verywell worked out in
AML, ALL andmultiplemyeloma, where it is clear that although
many cases follow a predominantly linear evolution, others fol-
low a branching pattern. Of note, sometimes a very similar or
even the same mutation can be acquired independently by two
different subclones. This reflects a ‘craving’ for that mutation by
the evolving cancer and the process is often referred to as con-
vergent evolution. The subclonal structure of the tumour and
the relationship between subclones is also relevant with regards
to disease relapse and is discussed below.
Another important conundrum in cancer evolution is the

order of acquisition of specific mutations. A number of stud-
ies have demonstrated such an order and AML, ALL and
myeloma are again amongst the best studied paradigms for
this phenomenon. For example, in myeloma there is good
evidence that chromosomal translocations and aneuploidy
are usually acquired first, whilst mutations in proliferative
pathways are acquired later. Also in AML, mutations affect-
ing genes involved in DNA methylation such as DNMT3A and
TET2 are acquired first, whilst mutations in NPM1 are acquired
second and proliferative mutations are again acquired late.
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Figure 18.10 Linear and branching evolution.
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There are two theories proposed for this recurrent order of
acquisition: the constraint theory argues that a certain muta-
tion has to happen first in order to ‘re-wire’ the cell so that the
second can give additional growth advantage, which would not
be present in the absence of the first mutation. By contrast, the
opportunity theory argues that the first mutation imbues fea-
tures such as increased proliferation or accelerated level ofmuta-
genesis, that confer greater opportunity for the secondmutation
to be acquired. Additionally, in the latter theory the order can
be reversed, but this will happen a lot less often as there will
be less opportunity. It is not yet clear which of the two theo-
ries holds true, or if indeed they both do, depending on the type
of mutation; however, there is some evidence directly support-
ing the second. Namely, DNMT3A is usually acquired before
NPM1c in AML; however, occasional cases of AMLmay acquire
the NPM1 first and DNMT3A mutation second. Another inter-
esting observation about mutations that are usually acquired
first in clonal evolution is the fact that they are found fre-
quently in related, but distinct, neoplasms. For example, TET2
mutations are seen in AML, MDS, PV, ET, CMML, systemic
mastocytosis (SM), chronic neutrophilic leukaemia (CNL) and
even in B- and T-cell lymphomas. This suggests that these
mutations provide a fertile ground for ‘second’ mutations to be
acquired that will eventually dictate the resulting phenotype of
the cell. In fact recent studies have revealed that mutations in
particular genes,most commonlyDNMT3A,TET2,ASXL1 and
JAK2, can establish a detectable clone of haemopoietic cells in
heatlhy individuals lacking any evidence of haematological can-
cer. This phenomenon of “clonal haemopoiesis”, becomes com-
moner with age and can be detected in the majority of people
aged 90 years or older. Cells with such clone-founder muta-
tions can then acquire additionalmutations, such as those affect-
ing NPM1 and FLT3 in the case of mutant DNMT3A-driven
clones, that can generate an acute leukaemic expansion. Treat-
ment of the acute leukaemia may then result in remission, but
original clone harboring DNMT3A mutations only can persist
untouched by chemotherapy and may give rise to late disease
relapses.

Impact of clonal structure on treatment and
relapse

The parallels between the clonal development of cancer
and Darwinian evolution by natural selection are particularly
instructive when studying anticancer treatment. Having escaped
physiological controls, cancer cells effectively take charge of
their own destiny, not unlike a species of individuals doing so in
nature. The administration of chemotherapy can then be seen
as a serious menace that threatens the ‘species’ with extinction.
Species evade such extinction by leveraging their heterogeneity;
in other words they rely on some individuals resisting the
onslaught and surviving to regenerate the species. The simul-
taneous presentation of multiple different hazards to a species

increases the likelihood of extinction, as witnessed by the effec-
tiveness of combination antiretroviral therapy against HIV and
combination chemotherapy regimens against paediatric ALL.
Nevertheless, only a minority of adult haematological can-

cers are curable. Clinically, treatment failure can present itself as
resistant disease, partial response or relapse, but effectively in all
instances this amounts to variable numbers of cancer cells sur-
viving chemotherapy. Advances in genomics have demonstrated
that tumours represent an admixture of competing subclones
with distinct genotypes, which have different abilities to resist
chemotherapies. The different types of treatment failure reflect
the numbers of cells resisting therapy, with resistant disease and
partial response indicating that the bulk of cells were resistant
or partially resistant to treatment. Relapse after complete remis-
sion indicates that only a small number of cells survived and this
talks directly to the subclonal architecture of cancers.
As first shown inAML and subsequently inmultiplemyeloma

and CLL, sequencing of serial samples at diagnosis and relapse
reveals tumour subclones that are present only in the relapsed
sampled, only in the diagnostic sample or in both (Figure 18.11).
Despite the fact that treatment can eradicate subclones in some
cases, mutations representing the founding clone are invariably
presented at relapse, often associated with subclones contain-
ing new mutations not apparent at diagnosis. This clearly shows
how the same treatment can have a differential effect on tumour
subclones. From this perspective, chemotherapy can be seen as
an “evolutionary bottleneck” that either allows low-frequency
chemoresistant tumour cells to survive and reconstitute the bulk
of disease at relapse, or promotes evolution of clones through
acquisition of new mutations associated with chemoresistance.
Usually, novel mutations identified first in chemoresistant

clones can be retrospectively identified in the pretreatment
sample when sensitive techniques are used, although in some
instances such mutations appear to be unique to the relapsed
clone. Arguably this is only of academic significance, as in
both instances the disease relapses with mutations associated
with chemoresistance. However, there is some evidence that
relapsed clones may harbour signatures of mutational processes
attributable to chemotherapy, suggesting therefore that if non-
mutagenic treatment had been used, relapse may not have
ensued. It is not as yet clear if this applies to some or many cases
of relapsed haematological cancers.
When trying to optimize treatment against relapsed disease,

one can consider that tumours relapsing after a certain latency
and without any change in their subclonal structure may be
sensitive to the same treatment they responded to previously,
whereas samples showing early relapse in associationwith acqui-
sition of new driver/resistance mutations may require differ-
ent therapy. Furthermore, the identification of clinically action-
able mutations may lead clinicians to favour a particular tar-
geted treatment over another. Finally, large studies correlating
the genotype of subclones with treatment response could pre-
dict which combination of drugs will be most effective, and thus
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Figure 18.11 Clonal evolution of cancer subclones in relation to treatment.

allow the clinician to deliver a ‘tailored’ treatment for maximal
efficacy to individual patients. Based on its substantial poten-
tial for guiding treatment, it is likely that the usage of NGS tech-
niques for diagnosis and prognosis will increase significantly to
assist the future management of haematological malignancies.
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CHAPTER 19

19Laboratory diagnosis of haematological
neoplasms
Torsten Haferlach1 and Barbara J Bain2
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2St Mary’s Hospital, London, UK

Introduction

The diagnosis of a haematological neoplasm usually starts from
a clinical suspicion, although for chronic leukaemias the diagno-
sis is sometimes an incidental one. A blood count and blood film
is an essential first step whenever a haematological neoplasm
is suspected. The next step in the diagnostic process depends
on the clinical features and the specific condition that is sus-
pected. In this chapter we discuss the laboratory techniques that
are available and how they are integrated into an efficient diag-
nostic pathway (Figure 19.1). It is of crucial importance that all
laboratory investigations are donewith an awareness of themed-
ical history and physical findings. It is also essential that a con-
clusion as to diagnosis is based on integrating the results of all
laboratory investigations and imaging in the context of the clin-
ical features. Achieving this can be a challenge if investigations
are done in different laboratories on different sites. One possible
solution, if all procedures are not performed in a single labora-
tory, is that a haematologist/haematopathologist should take the
lead inmaking a final diagnosis when the diagnosis depends pri-
marily on the blood and bonemarrow and that a haematopathol-
ogist/histopathologist should take the lead when the diagnosis
depends primarily on a biopsy of another tissue. Three impor-
tant factors contribute to accurate diagnosis:
1 The provision of very detailed clinical information to
laboratories
2 The correct sample, e.g. blood or bone marrow aspirate spec-
imen (appropriately anticoagulated), blood and bone marrow
films, trephine or fine-needle biopsy specimen, should all be sent
to the laboratory in the shortest possible time

3 The integration of information technology across different
sites dealing with diagnostic samples from a single patient.
Consideration should also be given to the need for central-

ized diagnosis by a panel of experts when experience has shown
that misdiagnosis is common, as for example in lymphoma. It is
also necessary to ensure that a diagnosis is achieved in a timely
manner, particularly when treatment may be urgent, as in acute
leukaemias and aggressive lymphomas.

Blood count and blood film

The most important information that must be extracted from
the blood count is the white cell count, the haemoglobin con-
centration and the platelet count. The red cell indices should
also be noted since macrocytosis and, less often, microcytosis
can occur in haematological neoplasms. The automated instru-
ment will generally provide a differential count and ‘flags’ indi-
cating the likely presence of blast cells, abnormal lymphocytes or
granulocyte precursors. An abnormal total or differential count
should always be verified on a blood film and a blood film should
also be examinedwhen there are relevant ‘flags’. Even if the blood
count is normal, a blood film should be examined for the pres-
ence of abnormal cells in any patient with lymphadenopathy,
splenomegaly, skin infiltration or any other reason to suspect a
haematological neoplasm.
The blood film has two major roles. In some circumstances

it provides strong evidence of a specific diagnosis that can be
confirmed on further testing. In others it suggests a differen-
tial diagnosis and indicates the appropriate direction of further
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Figure 19.1 The principal methods employed in haematological diagnosis.

tests. A blood film also has the advantage that a rapid provi-
sional diagnosis can bemade, something that is important when
treatment is urgent. For example, when there are circulating neo-
plastic cells, a rapid provisional diagnosis of Burkitt lymphoma
(Figure 19.2) and acute hypergranular promyelocytic leukaemia
(Figure 19.3a) can be made. Acute microgranular/hypogranular

Figure 19.2 Burkitt lymphoma showing blast-like cells with
strongly basophilic, heavily vacuolated cytoplasm. The cytological
features were once designated ‘FAB L3 ALL’ but the
immunophenotype is that of a mature B cell. Bone marrow film,
May–Grünwald–Giemsa (MGG).

promyelocytic leukaemia (Figure 19.3b and 19.4) should also be
suspected from the blood film. Even very infrequent neoplastic
cells can suggest the correct diagnosis, for example in hairy cell
leukaemia. Other diagnoses that may be strongly suggested by
the blood film includemost subtypes of acutemyeloid leukaemia
(AML), chronic lymphocytic leukaemia (CLL) (Figure 19.5),
chronic myeloid leukaemia (CML) (Figure 19.6), follicular lym-
phoma, splenic marginal zone lymphoma (when the cytologi-
cal features of splenic lymphoma with villous lymphocytes are
present), large granular lymphocyte leukaemia and plasma cell
leukaemia.
Sometimes the blood film suggests only a differential diagno-

sis. Although the cytological features of the previously used FAB
(French–American–British) L1 category of acute lymphoblastic
leukaemia (ALL) (Figure 19.7) are very likely to indicate that the
diagnosis is ALL, this is not so of FAB L2 type (Figure 19.8),
which can be cytologically very similar to AML of FAB M0 or
M1 types (Figures 19.9 and 19.10). Similarly, acute monoblastic
leukaemia (Figure 19.11) can be cytologically indistinguishable
from large-cell lymphoma or even plasma cell leukaemia.
In suspected myeloid malignancy the blood film is impor-

tant for the detection of myelodysplastic features, particu-
larly hypogranular and pseudo-Pelger–Huët neutrophils (Figure
19.12). Sometimes the blood film shows only non-specific, but
nevertheless useful, features, for example eosinophilia, rouleaux
formation, red cell agglutinates or cryoglobulin deposition.
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(a)

(b)

Figure 19.3 Two patients with acute promyelocytic leukaemia:
(a) acute hypergranular promyelocytic leukaemia; (b)
hypogranular/microgranular variant of promyelocytic leukaemia
showing typical bilobed nuclei. These two subtypes of AML fall
into a single category of ‘AML with recurrent genetic abnormalities’
in the 2008 WHO classification. Peripheral blood films, MGG.

Whatever the findings on the blood count and film, confirma-
tory tests are needed. The nature of these will vary according to
circumstances, but several useful algorithms are guided by infor-
mation that can be gained from the peripheral blood.

Bone marrow aspirate

A bone marrow aspirate is indicated in virtually all patients
with suspected ALL, AML (Figure 19.13), CML, myelodysplas-
tic syndrome (MDS) (Figure 19.14) or multiple myeloma (Fig-
ure 19.15). However, a bonemarrow aspirate is not necessary for
the diagnosis of CLL. The diagnosis of promyelocytic leukaemia
may be more readily made on an aspirate than on the periph-
eral blood since, particularly in the hypergranular form, there
may be few circulating leukaemic cells and in themicrogranular/

Figure 19.4 Acute hypogranular/microgranular variant of
promyelocytic leukaemia showing a range of nuclear forms, but
note the typical bilobed nucleus in which the two lobes are joined
by an isthmus. Bone marrow film, MGG.

hypogranular form there may be more hypergranular cells in
the bone marrow, thus facilitating the diagnosis. The charac-
teristic cytological features of AML with inv(16) or t(16;16) are
apparent in the bone marrow (Figures 19.16 and 19.17), but not
usually in the peripheral blood. In the acute leukaemias and
in CML and other myeloproliferative neoplasms, a bone mar-
row aspirate provides material for cytogenetic analysis as well as
for morphological assessment (Figure 19.18). Successful cytoge-
netic investigations from peripheral blood are only worth con-
sidering if immature leukaemic cells are present or, particularly
when investigating suspected myeloproliferative neoplasms, if
the white cell count is at least 10 × 109/L, as mature cells will
not enter metaphase.

Figure 19.5 Chronic lymphocytic leukaemia showing mature
small lymphocytes and a smear cell. Peripheral blood film, MGG.
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Figure 19.6 Chronic myelogenous leukaemia showing the typical
spectrum of granulocytic cells from immature to mature, and
including a basophil and some eosinophils.

Figure 19.7 Acute lymphoblastic leukaemia FAB L1 subtype
showing blast cells that vary in size, but which otherwise have
fairly uniform cellular characteristics; the nucleocytoplasmic ratio
is high and there are small inconspicuous nucleoli. Bone marrow
film, MGG.

Figure 19.8 Acute lymphoblastic leukaemia FAB L2 subtype
showing medium-sized and large pleomorphic blast cells with one
or two prominent nucleoli; there are no characteristics that identify
the lineage. Bone marrow film, MGG.

Figure 19.9 Acute myeloid leukaemia FAB M0 subtype showing
large blast cells with large prominent nucleoli; there are no
cytological features that identify the lineage and Sudan black B and
myeloperoxidase cytochemical stains were negative. On
immunophenotyping, all B and T lineage markers were negative,
but there was expression of CD13 and CD33. Without
immunophenotyping such a case could not be distinguished from
acute lymphoblastic leukaemia L2 subtype. Bone marrow film,
MGG.

Bone marrow aspiration may also be indicated in patients
with unexplained cytopenia or a leucoerythroblastic blood film.
An aspirate can be useful in lymphoma diagnosis, particularly
if accompanied by a trephine biopsy, and can provide suitable
material for immunophenotyping and for fluorescence in situ
hybridization (FISH).

Figure 19.10 Acute myeloid leukaemia FAB M1 subtype showing
small- to medium-sized blast cells with a high nucleocytoplasmic
ratio; one contains an Auer rod. Sudan black B and
myeloperoxidase were positive. In the absence of Auer rods and
granules, M1 acute myeloid leukaemia may be indistinguishable
from acute lymphoblastic leukaemia without the aid of
cytochemistry or immunophenotyping. Peripheral blood film,
MGG.
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Figure 19.11 Acute monoblastic leukaemia FAB M5a subtype
associated with t(9;11)(p22;q23) showing large cells with plentiful
cytoplasm; one cell shows nuclear lobulation (defining it as a
promonocyte in the WHO classification). In the WHO
classification this type of acute myeloid leukaemia is a specific
entity within the group ‘AML with recurrent genetic abnormalities’.
Bone marrow film, MGG.

Bone marrow trephine biopsy

A bone marrow trephine biopsy is indicated whenever there is
a ‘dry tap’ or the aspirate obtained is aparticulate or dilute. A
core biopsy is often necessary in hairy cell leukaemia, acute pan-
myelosis with myelofibrosis, acute megakaryoblastic leukaemia
(Figure 19.19) and in patients being investigated for pancy-
topenia or a leucoerythroblastic blood film. If the bone mar-
row is being examined for suspected non-Hodgkin lymphoma

Figure 19.12 A pseudo-Pelger–Huët anomaly in a neutrophil of a
patient with myelodysplastic syndrome. Peripheral blood film,
MGG.

Figure 19.13 Acute myeloid leukaemia showing leukaemic blast
cells, several with Auer rods. Bone marrow film, MGG.

(NHL), a trephine biopsy is always indicated since an aspi-
rate may be normal cytologically and immunophenotypically
despite there being focal infiltration readily detectable on a core
biopsy.Hodgkin lymphoma is very rarely detected in an aspirate,
whereas a trephine biopsy specimen may provide the primary
diagnostic material, particularly in patients with HIV infection
who often present with widespread disease. A trephine biopsy

Figure 19.14 Composite image of myelodysplastic syndrome
showing the hypolobulated megakaryocytes characteristic of the
5q– syndrome; myelodysplastic syndrome with isolated del(5q) is a
specific category in the WHO classification. Bone marrow film,
MGG.
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Figure 19.15 Multiple myeloma (plasma cell myeloma) showing
virtual effacement of the marrow by myeloma cells. Bone marrow
film, MGG.

should be part of the initial investigation of suspected multi-
ple myeloma; sometimes this confirms the diagnosis when the
aspirate findings are equivocal and, even when this is not so,
it is useful to have a baseline biopsy to compare with post-
treatment investigations. A trephine biopsy is not generally nec-
essary in CML or CLL, whereas it is diagnostically important
in suspected essential thrombocythaemia and polycythaemia
vera and is essential in primary myelofibrosis and systemic
mastocytosis.

Figure 19.16 Acute myeloid leukaemia (AML) associated with
inv(16)(p13.1q22) showing myelomonocytic leukaemia with an
abnormal eosinophil precursor that has proeosinophilic
(purple-staining) granules. This subtype of AML is often referred
to, using an adaptation of FAB terminology, as M4Eo. In the WHO
classification this subtype of AML, together with similar cases with
t(16;16), constitutes a specific entity within the category ‘AML with
recurrent genetic abnormalities’. Bone marrow film, MGG.

Figure 19.17 Acute myeloid leukaemia (AML) associated with
t(16;16)(p13.1;q22) showing blast cells and an abnormal
eosinophil precursor with pro-eosinophilic granules. In the WHO
classification this subtype of AML, together with similar cases with
inv(16), constitutes a specific entity within the category ‘AML with
recurrent genetic abnormalities’. Bone marrow film, MGG.

There are other indications for trephine biopsy that are more
controversial. This procedure may be necessary in ALL or AML
if no aspirate or a poor aspirate is obtained. However, if there are
numerous circulating neoplastic cells and if a cellular aspirate is
obtained, it does not yield any important extra information. In
suspected MDS useful extra information that may contribute to
the diagnosis is more likely since marrow architecture is often
abnormal and immature (CD34+) cells may be detected only on
histology or immunohistochemistry.

Figure 19.18 Polycythaemia vera with a JAK2 V617F mutation
showing panmyelosis; the large hyperlobulated megakaryocyte
(top right) shows emperipolesis. Bone marrow film, MGG.

337



Postgraduate Haematology

Figure 19.19 Acute megakaryoblastic leukaemia FAB M7 subtype.
Bone marrow trephine biopsy shows blast cells (left) and increased
reticulin deposition (right).

Cytochemistry

With advances in immunophenotyping and other tech-
niques, the role of cytochemistry in haematological diagnosis
has declined considerably. A limited role remains. In acute
leukaemia, cytochemistry is indicated if there is limited access
to immunophenotyping or if delay in obtaining results is
expected. For example, FAB M1 AML (and the 2008 WHO
category of AML without maturation) can be distinguished
fromALL bymeans of a Sudan black B ormyeloperoxidase stain
(Figure 19.20) and acute monoblastic/monocytic leukaemia
can be distinguished from large-cell lymphoma by means of a
non-specific esterase stain (Figure 19.21). Careful attention to
cytological detail usually permits the distinction between FAB
M3 variant and M5b AML, but if there is any doubt the former
diagnosis is supported by strong reactions for Sudan black
B, myeloperoxidase and chloroacetate esterase and the latter
by a positive non-specific esterase reaction. Rarely, a specific
diagnosis of a subtype of AML is aided by demonstration of
blast cells of basophil lineage showing metachromatic staining
with a toluidine blue stain (Figure 19.22). Perls stain for iron
remains a very important cytochemical stain in suspected MDS
(Figure 19.23).
Periodic acid–Schiff and acid phosphatase reactions can help

in the diagnosis of ALL (Figures 19.24 and 19.25), but reactions
are not specific andwe do not recommend their continued use in
a routine diagnostic setting if immunophenotyping is available.

Figure 19.20 Acute myeloid leukaemia (AML) FAB M1 subtype
showing Auer rods. This patient had the translocation t(8;21)
(q22;q22), identifying a specific entity within the WHO category
‘AML with recurrent genetic abnormalities’. Peripheral blood film,
myeloperoxidase reaction.

A neutrophil alkaline phosphatase score is likewise redundant in
the diagnosis of CML, which now depends on cytogenetic and
molecular genetic analysis. A tartrate-resistant acid phosphatase
reaction can confirm a diagnosis of hairy cell leukaemia, but is
no longer necessary, as long as the immunophenotyping labo-
ratory has an appropriate range of antibodies for this purpose,
immunohistochemistry can be performed in the case of a ‘dry
tap’ or BRAF mutation analysis can be performed.

Histology

Microscopic examination of sections of tissues other than bone
marrow remains an essential technique for the diagnosis of

Figure 19.21 Acute monoblastic leukaemia FAB M5a subtype
showing strong reaction for non-specific esterase, which confirms
the monocytic differentiation. Cytospin preparation,
α-naphthyl-acetate esterase.
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(a)

(b)

Figure 19.22 Acute myeloid leukaemia (AML) associated with
t(6;9)(p23;q34): (a) MGG-stained bone marrow film shows blast
cells and two degranulated basophil precursors; (b) toluidine
blue-stained bone marrow film demonstrates metachromatic
granules and confirms basophilic differentiation. In the 2008
WHO classification, this subtype of AML constitutes a specific
entity within the category ‘AML with recurrent genetic
abnormalities’.

many lymphomas. It may also be necessary for the diagno-
sis of myeloid sarcoma. Immunohistochemistry (see below) is
an essential part of histological assessment for haematological
neoplasms.

Flow cytometric immunophenotyping

Immunophenotyping can be based on flow cytometry, immuno-
histochemistry (on tissue sections) or immunocytochemistry
(on cytospin preparations or films). The first two of these
techniques are of major importance in haematological diag-
nosis. Flow cytometry is now carried out using multichannel

Figure 19.23 Ring sideroblasts and Pappenheimer bodies in
erythrocytes in myelodysplastic syndrome. Bone marrow aspirate,
Perls stain.

Figure 19.24 Acute lymphoblastic leukaemia showing block
positivity to periodic acid–Schiff (PAS) stain. Cytospin preparation
of cerebrospinal fluid, PAS stain.

Figure 19.25 T-lineage acute lymphoblastic leukaemia showing
focal (Golgi zone) positivity for acid phosphatase in lymphoblasts.
Cytospin preparation, acid phosphatase reaction.
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Figure 19.26 Flow cytometry
immunophenotyping showing improvement
of separation of populations by CD45 and
sideways light scatter (SSC) gating. Forward
light scatter (FSC) is also shown. (a) Normal
bone marrow (left, SSC–FSC plot; right,
SSC–CD45 plot); (b) acute myeloid
leukaemia bone marrow (left, SSC–FSC plot;
right, SSC–CD45 plot). G, granulocytes; M,
monocytes; L, lymphocytes; E, erythrocytes;
B, blasts. SSC–CD45 gating permits isolation
of bone marrow blasts from all other
populations, which is not possible by
SSC–FSC gating.

instruments that permit the simultaneous assessment of for-
ward light scatter (indicative of cell size), sideways light scatter
(indicative of granularity and cell complexity) and the expres-
sion of up to 10 surface membrane antigens, all simultaneously
in one vial (Figure 19.26). With the addition of techniques to
‘permeabilize’ the cells, cytoplasmic and nuclear antigens can
also be studied.When there are numerous circulating neoplastic
cells, immunophenotyping is conveniently done on a peripheral
blood sample. Otherwise it can be done on a bone marrow aspi-
rate or on a cell suspension from any infiltrated tissue. Themain
indications for immunophenotyping are as follows:
1 Confirmation of a diagnosis of ALL and its subclassifi-
cation and identification of an aberrant immunophenotype
(leukaemia-associated immunophenotype) that can be used to
monitor minimal residual disease (MRD).
2 Confirmation of a diagnosis of FABM0 andM7 AML (WHO
2008 classification: AMLwithminimal differentiation and acute
megakaryoblastic leukaemia) and, if not already confirmed by
cytochemistry, confirmation of a diagnosis of FAB M5a AML
(acute monoblastic leukaemia); support for a diagnosis of acute
promyelocytic leukaemia by demonstration of lack of expres-
sion of CD34 and especially HLA-DR and by non-specific back-
ground autofluorescence observed in the isotype controls; iden-
tification of leukaemia-associated immunophenotype that can
be used to monitor MRD.
3 Identification of mixed-lineage acute leukaemia.

4 Demonstration of light chain restriction, providing presump-
tive evidence of monoclonality, in B-lineage disorders.
5 Confirmation of a diagnosis of CLL, assessment of prognosis
by quantification of CD38 and ZAP70 expression (both prog-
nostically adverse) and monitoring of MRD.
6 Confirmation of a diagnosis of NHL rather than CLL, and
support for specific diagnoses such as follicular lymphoma
(CD10 often positive) or mantle cell lymphoma (CD5 and
nuclear cyclin D1 positive) (see also Chapter 33).
7 Confirmation of a diagnosis of hairy cell leukaemia by
demonstration of expression of all or most of CD11c, CD25,
CD103 and CD123 (see also Chapter 27).
8 Confirmation of a diagnosis of multiple myeloma or mono-
clonal gammopathy of undetermined significance (MGUS) by
demonstration that plasma cells (identified by expression of
CD138 and strong CD38) have light-chain-restricted cytoplas-
mic immunoglobulin and often aberrant expression of CD56,
together with failure to express CD19 and CD45 (see also
Chapter 29).
9 Support for monoclonality of a T-lymphocyte popula-
tion by demonstration of a uniform aberrant immunophe-
notype and restricted expression of CD158 (KIR) epitopes
and support for specific diagnoses such as T-prolymphocytic
leukaemia (CD7 often positive), adult T-cell leukaemia lym-
phoma (CD25 positive), large granular lymphocyte leukaemia
(usually CD8+CD4−), and hepatosplenic T-cell lymphoma,
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which is usually T-cell receptor (TCR)-γδ positive and TCR-αβ
negative.
10 Confirmation of a diagnosis of blastic plasmacytoid den-
dritic cell neoplasm by demonstration of expression of CD4,
CD56, CD123 and possibly CD7 in the absence of expression
of other lineage-specific markers.
11 Demonstration of an antigen that is a potential target of
monoclonal antibody therapy, such as CD20, CD33 or CD52.
12 Diagnosis of paroxysmal nocturnal haemoglobinuria by
demonstrating that a subpopulation of neutrophils, monocytes
or erythrocytes fails to express antigens, such as CD55 and
CD59, that are bound to glycosylphosphatidylinositol, or with a
new approach such as proaerolysin conjugated with fluorescein
(FLAER).
13 Support for a diagnosis of MDS based on quantification of
blasts and detection of aberrant antigen expression.
14 Assessment of infiltration of body fluids (cerebrospinal fluid,
pleural effusion) by leukaemia and/or lymphoma.

Immunohistochemistry

Immunohistochemistry for haematological diagnosis is carried
out on tissue sections, particularly from lymph nodes or bone
marrow trephine biopsy specimens. It is an essential part of the
diagnostic procedure in haematological neoplasms, particularly
lymphoma, but alsomyeloid neoplasms. Examples that illustrate
its value in lymphoma diagnosis include the following:
1 Confirmation of follicular lymphoma by demonstration that
cells forming neoplastic follicles express CD10 and BCL2
(whereas follicles of reactive follicular hyperplasia are BCL2
negative).
2 Confirmation of mantle cell lymphoma by demonstration of
CD5-positive B cells with nuclear expression of cyclin D1.
3 Confirmation of a diagnosis of classical Hodgkin lymphoma
(CD15 usually positive, CD30 positive) and its distinction from
nodular lymphocyte-predominant Hodgkin lymphoma (CD15
and CD30 usually negative and more likely to express B cell-
associated antigens such as CD20 and CD79a).
4 Confirmation of Burkitt lymphoma by demonstration of
BCL2-negative BCL6-positive B cells with a very high prolif-
erative fraction (approaching 100%) shown using Ki-67 or an
equivalent monoclonal antibody.
5 Division of diffuse large B-cell lymphoma (DLBCL) into prog-
nostic groups (see below).
6 Confirmation of hairy cell leukaemia by showing that B cells
express CD25, CD72 (DBA44) and annexin A1.
7 Confirmation of clonality in suspected MGUS or multiple
myeloma by demonstration of light chain restriction of cytoplas-
mic immunoglobulin.
8 Confirmation of infiltration in a trephine biopsy speci-
men in non-Hodgkin and Hodgkin lymphoma (particularly
important in patients inwhomno neoplastic cells are detected in

the bone marrow aspirate and for detection of subtle interstitial
or intravascular infiltration in NHL).
9 Confirmation of a diagnosis of hairy cell leukaemia by
demonstration of expression of mutant BRAF.
DLBCL has been demonstrated by microarray analysis (see

below) to be divisible into three major groups with different pat-
terns of gene expression: (i) germinal centre cell; (ii) activated
B-cell-like and (iii) other or indeterminate (see also Chapters
31 and 34). Lymphomas showing the gene expression pattern of
germinal centre B cells were found to have a better prognosis
than activated B-cell-like DLBCL (Chapter 34). It is now pos-
sible to assign DLBCL to these two major groups on the basis
of immunohistochemistry. The germinal centre group express
CD10 or, if they do not, they express BCL6 in the absence of
MUM1 expression. DLBCL of the activated B-cell-like group
are either negative for both CD10 and BCL6 or are CD10 nega-
tive, but express both BCL6 andMUM1. The prognostic signifi-
cance is seen clearly in patients treated with CHOP (cyclophos-
phamide, doxorubicin, vincristine and prednisolone), but may
no longer reach statistical significance in those treated with R-
CHOP (CHOP plus rituximab). In R-CHOP-treated patients,
prognostic significance is shown by the demonstration of BCL2
expression, the best prognosis being in those with a germinal
centre phenotype, but without BCL2 expression, whose survival
curves separate from the other three groups. However, it must
be noted that scoring of these immunohistochemical markers
is inconsistent between laboratories unless many technical fac-
tors are standardized; use of the assignment to germinal centre
or non-germinal centre phenotypes to aid treatment decisions
would be premature.
In ALL, it is usually possible to perform immunopheno-

typing on either peripheral blood or a bone marrow aspirate;
immunohistochemistry is therefore usually redundant. In AML,
immunohistochemistry should be viewed as supplementary to
flow cytometric immunophenotyping. It is often unnecessary.
However, in the absence of peripheral blood blast cells and if
a bone marrow aspirate cannot be obtained, it becomes essen-
tial for diagnosis. It can thus be important for the diagnosis
of acute megakaryoblastic leukaemias, acute panmyelosis with
myelofibrosis and some cases of acute erythroleukaemia, when
bone marrow fibrosis may prevent an adequate aspirate being
obtained. It is needed for the diagnosis of myeloid sarcoma
and blastic plasmacytoid dendritic cell neoplasm (which shows
expression of CD4, CD56 and CD123). Immunohistochemistry
can be a useful way to demonstrate the presence of an NPM1
mutation in AML, cytoplasmic rather than nuclear expression
being a surrogate marker for these mutations.
Immunohistochemistry for mast cell tryptase is important in

confirming a diagnosis of systemic mastocytosis (Chapter 26).
Aberrant expression of CD2 and CD25 by the mast cells is also
useful (although this pattern of reactivity is not specific for sys-
temic mastocytosis). Immunohistochemistry is much less often
needed in other myeloproliferative neoplasms.
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Cytogenetic analysis

Cytogenetic analysis refers to study of chromosomes by recog-
nition of their morphology and their characteristic banding pat-
tern, demonstrated by staining with a Giemsa stain (for view-
ing by light microscopy) (Figure 19.27) or a quinacrine stain
(for viewing as fluorescent bands underUV illumination). Chro-
mosomes or specific genes of interest in either interphase or
metaphase can also be studied by FISH analysis; this technique
is both a cytogenetic and molecular genetic technique since the
morphology of the chromosomes can be recognized to some
extent, at least inmetaphase cells, but the probes used are depen-
dent on hybridization to specific DNA sequences. Cytogenetic,
FISH and molecular techniques are complementary and which
of these is most useful in an individual patient depends on the
suspected diagnosis and the aberrations likely to be present.
Classical cytogenetic analysis (chromosome banding analysis)
requires cells in metaphase so that for conditions with a low
mitotic rate, such as CLL and low-grade NHL, FISH or molec-
ular analysis may be preferred. However, with the newer tech-
niques it is possible to achieve metaphases in more than 90% of
cases of CLL using specific culture conditions, including DSP30.
Cytogenetic analysis can: (i) provide evidence of clonality and
thus confirm that a condition is neoplastic when other evidence
is absent or equivocal (e.g. in chronic eosinophilic leukaemia,
myeloproliferative neoplasms orNK cell leukaemia/lymphoma),
(ii) confirm a specific diagnosis (e.g. CML, AML with recur-
rent translocations or Burkitt lymphoma) and (iii) give prog-
nostic information (e.g. in CLL, AML, ALL, MDS and multi-
ple myeloma) or indicate that a neoplasm is therapy-induced
(t-AML and t-MDS).
It is particularly important that cytogenetic or molecular

genetic analysis is performed whenever there is a specific

treatment available for patients with a particular genetic abnor-
mality. This includes the following:
1 Conditions sensitive to tyrosine kinase inhibitors (with either
BCR–ABL1, rearrangement of PDGFRA or PDGFRB, or
PCM1-JAK2).
2 Acute promyelocytic leukaemia with PML–RARA (sensitive
to all-trans retinoic acid and As2O3).
3 MDS with 5q– (sensitive to lenalidomide).
4 MDS with monosomy 7 (sensitive to azacitidine).
5 Burkitt lymphoma with juxtaposition of MYC to the
immunoglobulin heavy chain, κ or λ locus (responsive to
intensive chemotherapy incorporating certain specific agents
plus monoclonal antibody treatment).
Cytogenetic analysis can be considered appropriate whenever

it contributes to diagnosis, indicates the prognosis or guides the
selection of treatment. It can therefore be considered indicated
in the following:
1 All cases of AML: essential for application of the WHO clas-
sification, indicates prognosis and is thus relevant to treatment
choice (Table 19.1).
2 All cases of ALL: essential for application of the WHO clas-
sification, indicates prognosis and is thus relevant to treatment
choice; necessary for detection of BCR–ABL1-positive cases,
although for this purpose FISH andmolecular analyses are alter-
natives (Table 19.2).
3 All cases of mixed-phenotype acute leukaemia: essential for
detecting BCR–ABL1-positive cases.
4 All cases of suspected CML: essential to confirm BCR–ABL1,
although FISH or molecular analyses are alternatives.
5 All cases of suspected MDS: necessary for application of
the WHO classification, including identification of the 5q–
syndrome (Figure 19.28) and essential for application of the
revised International Prognostic Scoring System (IPSS-R) and
WHO classification-based Prognostic Scoring System (WPSS).

1

6

13 14 15 16 17 18

YX22212019

7 8 9 10 11 12

2 3 3 5 mar

Figure 19.27 A karyogram of
Giemsa-stained chromosomes showing
t(9;22)(q34;q11.2). The derivative
chromosome 22 is the Philadelphia
chromosome.
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Table 19.1 The 2008 WHO classification of de novo acute myeloid
leukaemia (AML), including categories where genetic analysis is
essential for categorization shown in bold.

AML with recurrent genetic abnormalities∗

AML with t(8;21)(q22;q22); RUNX1–RUNX1T1
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22);
CBFB–MYH11
AML with t(15;17)(q22;q12); PML–RARA
AML with t(9;11)(p22;q23);MLLT3–MLL(KMT2A)
AML with t(6;9)(p23;q34); DEK–NUP214
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2);

RPN1–EVI1
AML with t(1;22)(p13;q13); RBM15–MKL1
Provisional entity: AML with mutatedNPM1
Provisional entity: AML with mutated CEBPA

AML with myelodysplasia-related changes†

AML not otherwise categorized
Myeloid sarcoma
Myeloid proliferation related to Down syndrome‡

Transient abnormal myelopoiesis
Myeloid leukaemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

∗Either cytogenetic or molecular genetic analysis essential for
classification.
†Meeting cytogenetic criteria for myelodysplastic syndrome
(MDS)-associated cytogenetic abnormalities permits assignment of a case
to this category (assignment can also be on the basis of multilineage
dysplasia or a previous diagnosis of MDS).
‡Cytogenetic analysis may be necessary to confirm the diagnosis of
Down syndrome, particularly in mosaic Down syndrome; an acquired
GATA1 mutation is also present.

6 All cases of suspected chronic eosinophilic leukaemia: neces-
sary for detection of translocations that lead to PDGFRB rear-
rangement (imatinib sensitive) and FGFR1 rearrangement.
7 All cases of suspected NK leukaemia/lymphoma: can demon-
strate clonality and thus confirm the diagnosis.
If resources permit, cytogenetic analysis can also be

useful in other myeloproliferative and myelodysplastic/
myeloproliferative neoplasms. Cytogenetic analysis can be
used for the confirmation of a diagnosis of Burkitt lymphoma,
follicular lymphoma or mantle cell lymphoma, but FISH may
be preferred. Use of the two techniques may give comple-
mentary information. Prognostically relevant information
is also obtained in multiple myeloma. However, this is best
done with preliminary magnetic activation cell sorting using
CD138, CD269 or CD319 monoclonal antibodies, as plasma
cells numbers may be low and FISH performed on direct bone
marrow films may result in insufficient cells for analysis and
give misleading results.

Table 19.2 The WHO classification of acute lymphoblastic
leukaemia, with categories where genetic analysis is essential for
categorization shown in bold (see also Chapter 21 and 22).

B lymphoblastic leukaemia/lymphoma
B lymphoblastic leukaemia/lymphoma, not otherwise specified
B lymphoblastic leukaemia/lymphoma with recurrent genetic
abnormalities
With t(9;22)(q34;q11.2) and BCR–ABL1
With t(4;11)(q21;q23) andMLL(KMT2A)–MLLT2 or other
11q23 andMLL rearrangement
With t(12;21)(p13;q22) and ETV6–RUNX1∗

With hyperdiploidy (>50 chromosomes)
With hypodiploidy (<46 chromosomes)
With t(5;14)(q31;q32) and IL3–IGH
With t(1;19)(q23;p13.3) and TCF3–PBX1

T lymphoblastic leukaemia/lymphoma

∗Molecular genetic analysis is needed since the translocation is cryptic.

Fluorescence in situ hybridization

FISH uses labelled oligonucleotide probes that bind to specific
DNA sequences. These may be locus-specific probes (includ-
ing those detecting oncogenes and tumour-suppressor genes),
centromeric probes, telomeric probes and whole chromosome
paints. Centromeric probes can be used for the detection of
monosomies and trisomies. Otherwise, locus-specific probes are
those most widely used. By labelling two probes with different
fluorochromes it is possible to study two genes that are involved
in a specific translocation or other rearrangement. If the probes
span the breakpoint, both will be disrupted by the translocation
and signals will be adjacent or optically fused on the derivative
chromosomes, a double-colour double-fusion technique. Often
one probe gives a green signal and the other a red signal so that
the fusion signal is yellow.Alternatively, two probes that span the
5′ locus and 3′ locus and overlap can be used in a double-colour
break-apart technique; this can be useful when a single gene,
such as MLL (KMT2A), is involved in rearrangements with a
large number of other genes.
FISH is applicable to bothmetaphase cells and interphase cells

(Figure 19.29). FISH is particularly useful in the following cir-
cumstances:
1 Screening for BCR–ABL1 fusion (peripheral blood cells are
suitable, whereas cytogenetic analysis is better done on bone
marrow) (Figure 19.30).
2 Confirming a specific lymphoma diagnosis by demonstra-
tion of BCL2–IGH in follicular lymphoma, CCND1–IGHG1 in
mantle cell lymphoma or MYC–IGHG1 in Burkitt lymphoma
(Table 19.3).
3 Detection of translocations or inversions or aneuploidy that
was not detected on metaphase cytogenetic analyses because
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nuc ish 5p15 (D5S315 × 2), 5q30 (EGR1 × 1)

1 2 3 4 5 nar

6 7 8 9 10 11 12

19 20 21 22 X Y

13 14 15 16 17 18

5q13

5q31

Figure 19.28 An explanatory diagram (top), karyogram of Giemsa-stained chromosomes showing del(5)(q13q31) (bottom left), and FISH
showing retention of signal for 5p15 and loss of signal for 5q31 (bottom right) in a patient with 5q– syndrome.

the leukaemic cells did not enter mitosis or the metaphases
were of too poor quality, e.g. detection of t(8;21)(q22;q22),
t(15;17)(q22;q12), inv(16)(p13.1q22) orMLL rearrangement in
AML (Figure 19.31) or detection, in ALL, of iAMP21 (using
a RUNX1 probe) or high hyperdiploidy (by using centromeric
probes for the chromosomes that are most often triplicated).
4 Screening for a cryptic FIP1L1–PDGFRA fusion (by detec-
tion of loss of CHIC2) in chronic eosinophilic leukaemia.
5 Producing prognostically relevant information in CLL by
investigation for trisomy 12, del(6)(q21), del(11)(q22–23),
del(13)(q14.3) (Figure 19.32) and del(17)(p13).
Spectral karyotyping, also known as 24-colour FISH, is a

modification of FISH that permits visualization of each pair of

chromosomes in a unique colour. It can be used as a supplement
to metaphase cytogenetics to clarify the nature of complex rear-
rangements (Figure 19.33). Inversions are not detected.

Molecular genetic analysis

Molecular genetic analysis includes Southern blotting (now lit-
tle used in routine diagnosis), the polymerase chain reaction
(PCR) to study genomic DNA (Figures 19.34 and 19.35) and
reverse transcriptase polymerase chain reaction (RT-PCR) to
study RNA after its reverse transcription. A PCR reaction can

Interphase

ABL1-BCR

BCR
ABL1

BCR-ABL1

Metaphase

Figure 19.29 Locus-specific probes for
BCR (green) and ABL1 (red) applied to an
interphase cell and to a metaphase of a
patient with chronic myelogenous
leukaemia after hybridization with probes
for ABL1 (red) and BCR (green) showing
BCR–ABL1 co-localization signals (yellow)
on the Philadelphia chromosome and
ABL1–BCR co-localization signals on
derivative chromosome 9.
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Chromosome 9

BCR-ABL1–

BCR-ABL1+

Chromosome 22

Chromosome 9 Chromosome 22

Translocation

9q+ 22q–

Chromosome 9 Chromosome 22

Figure 19.30 Diagram showing the principle of fluorescence in situ hybridization for detection of BCR–ABL1. Locus-specific probes for
BCR (green) and ABL1 (red) have been applied to interphase cells. The normal cell (top) shows two red signals and two green signals,
whereas the cell with BCR–ABL1 shows two normal signals and two fusion signals (BCR–ABL1 and ABL1–BCR).

Table 19.3 Cytogenetic/molecular genetic abnormalities that are incorporated into the 2008 WHO classification of neoplasms of mature T
and B cells.

Genetic abnormality Gene dysregulated Diagnosis∗

t(14;18)(q32;q21) or t(2;18)(p12;q21) or
t(18;22)(q21;q11.2)

BCL2 Follicular lymphoma

t(11;14)(q13;q32) or, rarely,
t(11;22)(q13;q11)

CCND1 Mantle cell lymphoma

t(8;14)(q24;q32) or t(2;8)(p12;q24) or
t(8;22)(q24;q11.2)

MYC Burkitt lymphoma

inv(14)(q11q32) or t(14;14)(q11;q32) or,
less often, t(X;14)(q28;q11)

TCL1 T-prolymphocytic leukaemia

t(2;5)(p23;q35) or one of at least five
variant translocations with a 2p23
breakpoint

NPM1–ALK fusion or other
fusion gene incorporating part
of ALK

Anaplastic large-cell lymphoma,
ALK positive

∗The genetic abnormality confirms the diagnosis only in an appropriate cytological/histological and immunophenotypic setting.
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CBFB Rearrangement MLL Rearrangement

RUNX1-RUNX1T1 PML-RARA

Figure 19.31 Fluorescence in situ
hybridization in four different patients
with acute myeloid leukaemia showing
four major cytogenetic/genetic categories
of AML: RUNX1–RUNX1T1 fusion
indicative of t(8;21) (top left); PML–RARA
fusion indicative of t(15;17) (top right);
CBFB rearrangement, which is likely to
indicate CBFB–MYH11 (bottom left);
MLL rearrangement (bottom right).

also be made quantitative, as in real-time quantitative PCR, an
important technique for monitoring MRD (Figure 19.36). PCR
and RT-PCR can be alternatives to metaphase cytogenetic anal-
ysis in several subgroups of leukaemia and lymphoma. However,
unlike metaphase cytogenetic analysis, but similar to FISH, this
is a targeted investigation so that only the abnormality that is
specifically sought will be detected. Thus, in some diseases addi-
tional diagnostic or prognostic information will be found only
by using metaphase cytogenetics. On the other hand, PCR has
the advantage that only a small amount of DNA is needed and

Figure 19.32 Explanatory diagram and fluorescence in situ
hybridization showing interstitial deletion of 13q14.3 in a patient
with chronic lymphocytic leukaemia.

there is no need for dividing cells.Molecular analysis permits the
detection of prognostically and therapeutically relevant cryp-
tic rearrangements, such as the ETV6–RUNX1 rearrangement
associated with a cryptic t(12;21)(p13;q22) in ALL. Genomic
PCR can be applied to stored samples.
The roles of genomic PCR and RT-PCR include the following:

1 Detection of rearrangement of immunoglobulin heavy and
light chain loci and TCR loci, providing evidence of a clonal dis-
order if a monoclonal rather than an oligoclonal or polyclonal
pattern is detected.

Figure 19.33 Metaphase of a patient with acute myeloid leukaemia
and a complex aberrant karyotype after 24-colour fluorescence in
situ hybridization.
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Figure 19.34 An explanatory diagram and a
PCR gel showing the various BCR–ABL1
transcripts that can be identified by PCR.

2 Detection of leukaemia-related and lymphoma-related chro-
mosomal rearrangements by demonstration of gene juxtapo-
sition or fusion in order to confirm a diagnosis, for example
detection of CCND1–IGHG1 indicative of t(11;14)(q13;q32)
to confirm suspected mantle cell lymphoma or detection of
BCL2–IGH indicative of t(14;18)(q32;q21) to confirm sus-
pected follicular lymphoma. Note that neither of these rear-
rangements is absolutely specific for the disease in question
since CCND1–IGHG1 also occurs in multiple myeloma and
BCL2–IGH also occurs in DLBCL, but in the context of appro-
priate cytology or histology they do permit confirmation of a
diagnosis.

3 Detection of gene mutations relevant to diagnosis, for exam-
ple KIT D816V in systemic mastocytosis or either JAK2 V617F
or JAK2 exon 12 mutation in polycythaemia vera. JAK2 V617F
also occurs in many patients with essential thrombocythaemia
or primary myelofibrosis, but its detection in a patient with
a high haemoglobin concentration confirms the diagnosis of
polycythaemia vera and since it is present in the great major-
ity of patients with this diagnosis, measurement of the total red
cell mass and plasma volume is generally rendered unnecessary.
Patients with suspected essential thrombocythaemia or primary
myelofibrosis who are JAK2 V617F-negative should be further
investigated for CALR orMPL mutation.

b2a2

–C
H2O

+C
p210

+C
p190

P1 P2 P3 P4 P5 P6 P7 P8 P9 MW

b3a2

e1a2

BCR

Figure 19.35 BCR–ABL1 multiplex PCR containing different
oligonucleotide (‘oligo’) combinations. –C: negative control sample
containing water instead of a nucleic acid template; +C: positive
controls for p210 and p190 fusion types; P: patient samples, P1 and
P4 are positive for b3a2 fusion types, P3 and P7 are positive for

b2a2 fusion types, P2, P5, P6, P8 and P9 are BCR–ABL1negative
patient samples; MW, molecular weight standard; BCR,
amplification of the non-rearranged BCR gene as internal quality
control reaction.
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Figure 19.36 Real-time quantitative PCR.
Fluorescence is plotted against PCR cycle
number. (a) A 10-fold limited dilution series of
a BCR–ABL1-containing plasmid showing
high sensitivity of the PCR. It also serves as a
calibration curve for subsequent BCR–ABL1
calculations. (b) Run with chronic myeloid
leukaemia follow-up samples: the large arrow
shows a sample with high BCR–ABL1 load, the
small arrow low BCR–ABL1 load.

4 Prognostic stratification, for example in ALL detection of
ETV6–RUNX1 associated with cryptic t(12;21)(p13;q22) (good
prognosis), TCF3–PBX1 associated with t(1;19)(q23;p13.3)
(good prognosis), MLL–MLLT2 associated with t(4;11)
(q21;q23) (poor prognosis) and BCR–ABL1 associated with
t(9;22)(q34;q11.2) (poor prognosis); multiplex PCR, combining
a number of primer pairs in a single reaction, is useful for
screening simultaneously for more than one rearrangement.
5 Prognostic stratification in AML with normal karyotype, for
exampleFLT3 internal tandemduplication (ITD) (poor progno-
sis), MLL partial tandem duplication (PTD) (poor prognosis),
NPM1 mutation (good prognosis if not associated with FLT3
ITD),CEBPAmutation (good prognosis if biallelic and not asso-
ciated with FLT3 ITD) (see also Chapter 20).
6 Prognostic stratification in CLL: somatic hypermutation,
defined as IGHV showing less than 98% homology with
germline, is found in 50–60% of all cases and correlates with a
better prognosis than is found in patients with unmutated IGHV
genes. TP53 mutations are prognostically important and guide
treatment.
7 MRD detection using RUNX1–RUNX1T1, CBFB–MYH11,
PML–RARA, MLL rearrangement, MLL-PTD, FLT3-ITD,
NPM1 mutation or CEBPA mutation.

Whole-genome scanning

There are a number of molecular techniques available for
whole-genome scanning. Thus far, these have mainly been
used to address research topics, but they are now increasingly
finding a place in routine diagnostic work. These techniques
include comparative genomic hybridization (CGH), in which
labelled test DNA is hybridized to normal metaphase prepa-
rations, and microarray analysis, in which there is hybridiza-
tion of the labelled test DNA of interest to probes positioned
in high density on a microarray surface. Microarray analysis
includes CGH arrays and, more frequently used, genome-wide
single-nucleotide polymorphism (SNP) arrays. CGH is labour-
intensive, less sensitive for the detection of small regions har-
bouring copy number alterations and likely to remain a research
technique. Microarray analysis has a greater potential for diag-
nostic application since it has a much higher resolution for the
detection of genomic aberrations, requires a low amount of start-
ingmaterial and has the potential to be developed as a fully auto-
mated molecular laboratory assay.
In CGH assays, test and reference DNAs are labelled with dif-

ferent fluorochromes before being hybridized to microarrays of
either oligonucleotides or bacterial artificial chromosome (BAC)
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probes. CGH microarray analysis is used for the detection of
under-representation or over-representation of specific genomic
regions in the test DNA. Deletions and amplifications can thus
be detected, for example deletion of 13q14 and 11q22 in CLL or
iAMP21 in ALL.
In SNP array analysis, genomic DNA of a sample of inter-

est is digested by restriction enzymes, amplified, labelled and
hybridized to oligonucleotide probes. Probes are either bound
to microbeads or are synthesized in situ in high density on a
microarray surface (Figure 19.37). SNP analysis can be applied
to genotyping and is able to distinguish heterozygosity from
homozygosity. It can thus be used to detect both loss of het-
erozygosity and alterations of copy numbers of a genomic region
(i.e. gains and losses). Acquired somatic uniparental disomy
can be detected by comparison of tumour DNA with consti-
tutional DNA. Sensitivity for the detection of a clonal popula-
tion is similar to that of metaphase cytogenetics.With SNP array

technology it is possible to identify uniparental disomy for chro-
mosomal regions that include mutated genes such as JAK2,
CEBPA, FLT3 and RUNX1.

Microarray analysis of gene expression

Microarrayanalysis was initially applied to the study of cellular
gene expression by hybridization of test and control RNA spec-
imens, processed and labelled with different fluorochromes, to
single-strandedDNA.TheDNAprobeswere either complemen-
tary (c)DNA or synthetic oligonucleotides, arrayed in multiple
rows of dots on a microarray surface with each dot interrogat-
ing a fragment of a single gene. High-density gene expression
profiling (GEP) is a well-established molecular method and has
been demonstrated to yield information of both diagnostic and
prognostic value.
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Primary mediastinal B-cell lymphoma can be distinguished
from both DLBCL and Hodgkin lymphoma by its molecular
signature. Burkitt lymphoma has a distinctive pattern of gene
expression, which can help inmaking a distinction fromDLBCL
with MYC over-expression. Similarly, small lymphocytic lym-
phoma, marginal zone B-cell lymphoma and mantle cell lym-
phoma can be characterized by their differential gene expression
signatures.
Prognostic information is provided in DLBCL. Microarray

studies have shown that this diagnostic category encompasses at
least two molecularly distinct diseases, differing in differentia-
tion stage (i.e. cell of origin), oncogenicmechanisms and clinical
outcome. Microarray analysis can also divide mantle cell lym-
phoma into groups with very different prognoses.

Next-generation sequencing (NGS)

The constantly increasing spectrum of molecular mutations is
a tremendous challenge for haematological laboratories. Thus,
the introduction of high-throughput sequencing technologies,
which allow the massive parallel analysis of hundreds of thou-
sands of alleles in a short time, provides new options for molec-
ular mutation analyses and for follow-up diagnostics in myeloid
neoplasms. In contrast to whole-genome or exome analyses,
which might today not be feasible in a routine setting, ampli-
con deep-sequencing focuses on distinct genomic loci and their
mutation patterns and enables a comprehensive biomarker anal-
ysis in a multitude of patients per analysis. It is foreseeable that
clearly defined algorithms for molecular investigations will rev-
olutionize diagnosis by including NGS as a routine method in
the near future.

Laboratory techniques and the WHO
classification of tumours of haemopoietic
and lymphoid tissues

The 2008 WHO classification is based on the integration of
clinical and pathological features. Among the pathological fea-
tures, morphology (cytology and histology) is fundamental, but
there is an increasing use of immunophenotyping for classi-
fication of lymphoid, mixed lineage and some myeloid neo-
plasms and of cytogenetic and molecular genetic information
for classification of both lymphoid and myeloid neoplasms.
Tables 19.1 and 19.2 illustrate how cytogenetic and molecu-
lar genetic information is integrated into the classifications of
AML and B-lineage ALL respectively. Two categories of acute
leukaemia of ambiguous lineage are also defined by the pres-
ence, in addition to the required immunophenotypic character-
istics, of t(9;22)(q34;q11.2)/BCR–ABL1 and 11q23/MLL rear-
rangement respectively. The 2008 WHO classification has also
introduced a new genetically defined categorization for lym-
phoid and myeloid neoplasms associated with rearrangement

of PDGFRA, PDGFRB or FGFR1; these categories encompass
cases of BCR–ABL1-negative chronic myeloid leukaemia (often
with eosinophilic differentiation), AML, ALL and lymphoid or
myeloid transformation of a myeloproliferative neoplasm.
Otherwise, among themyeloproliferative neoplasms, only the

demonstration of t(9;22)(q34;q11.2)/BCR–ABL1 to confirm or
exclude a diagnosis of CML is essential for classification. How-
ever, the demonstration of the JAK2 V617F mutation or a
somaticMPL orCALRmutation is important formaking a diag-
nosis of a myeloproliferative neoplasm rather than a secondary
or familial disorder. A JAK2 exon 12 mutation similarly con-
firms that polycythaemia is polycythaemia vera rather than a
familial or secondary condition.
Cytogenetic and molecular genetic abnormalities are critical

in the diagnosis of certain neoplasms of mature lymphocytes
(Table 19.3). However, for the majority of cases of CLL and
NHL, such analysis is not needed for diagnosis and classifica-
tion, although it may provide information of prognostic value.

Conclusions

Modern diagnosis, classification andmonitoring of haematolog-
ical neoplasms require integration of multiple diagnostic tools
in a systematic manner in order to provide all the information
necessary for optimal management of the patient. In addition,
application of new diagnostic tools is constantly increasing our
understanding of these disorders. New research tools not only
give new information, but are often rapidly integrated into diag-
nostic practice. Classifications of lymphoid and myeloid neo-
plasms increasingly incorporate, and depend on, immunophe-
notypic and genetic analysis. High-throughput sequencing tech-
nologies investigating gene panels by next-generation sequenc-
ing are likely to be introduced into routine diagnostic algorithms
shortly.
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20Acute myeloid leukaemia
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Disease epidemiology

Acute myeloid leukaemia (AML) has an incidence of 2–3 per
100,000 per annum in children, rising to 15 per 100,000 in older
adults. It can occur at all ages. but has its peak incidence in the
seventh decade (Figure 20.1). The incidence does not appear
to be increasing beyond that expected in an ageing popula-
tion, which in itself will considerably increase the burden of
the disease to healthcare systems in future years. The fact that
most cases occur in older patients has important implications
for treatment strategies, in that biological variation associated
with chemoresistance and comorbidity, which limits treatment
options, increases with age.

Pathophysiology and clinical features

The more carefully AML is studied, the clearer it becomes that
there is considerable heterogeneity between cases, with respect
to morphology, immunological phenotype, associated cytoge-
netic and molecular abnormalities and, more recently, methyla-
tion profile and pattern of gene and microRNA (miR) expres-
sion. This is reflected in the substantially different responses
to treatment. Some entities are becoming so distinct that they
are regarded as different diseases with specific approaches
to treatment. It turns out that AML is genetically much less
complex than solid tumours, with cases typically harbouring
mutations in over 10 genes. While there remains much to learn
about the molecular pathogenesis, in a significant proportion
of AML (∼40%), there is evidence to suggest that the initiating
event is acquisition of a balanced chromosomal abnormality

(i.e. translocation, inversion) in an early bone marrow
haemopoietic stem/progenitor cell generating chimaeric
oncoproteins, which induce leukaemic transformation with the
accumulation of additional cooperating mutations.
The tests recommended in the initial work up of a newly

admitted patient with AML are summarized in Table 20.1. The
observed clinical heterogeneity amongst patients withAMLmay
not only reflect differences in the cytogenetic and molecular
genetic characteristics of the leukaemic population, but also the
cell of origin. The leukaemic clone has a competitive advan-
tage and can impair normal haemopoiesis leading to marrow
failure. Adenopathy or organomegaly can occur, but are not
usual features. Disseminated intravascular coagulation, usually
accompanied by skin and mucosal haemorrhage due to con-
sumption of platelets and clotting factors, is a frequent pre-
senting feature of acute promyelocytic leukaemia. Gum and
skin infiltration are particularly seen in the monocytic variants.
Other extramedullary disease can arise, including cerebrospinal
infiltration, but this is not usual, unlike in acute lymphoblas-
tic leukaemia. Most patients present with low peripheral blood
counts with the consequent clinical features.While in themajor-
ity of cases no direct cause is found, there is an association with
irradiation, smoking, some rare congenital abnormalities, chem-
ical exposure and obesity. Perhaps the most frequently iden-
tified cause is progression from another haematological disor-
der, e.g. myelodysplastic syndrome (MDS) or myeloproliferative
neoplasm (MPN), or as a consequence of prior chemotherapy
for another malignancy (therapy-related AML, t-AML).
Non-random chromosome abnormalities are found in the

majority of cases (See Chapter 19 and Figure 20.2). These may
be structural (gain or loss of material) or reciprocal balanced
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rearrangements. The significance of these changes is develop-
ing at a steady pace and is discussed below as far as the clinical
implications are concerned.

Disease classification

The disease is confirmed by an excess of primitive ‘blast’ cells in
the bonemarrow, originally in the FAB classification required to
be at least 30%, but 20% is the current threshold. The French–
American–British (FAB) morphological classification has been
useful in developing a common vocabulary, but has little predic-
tive value since the widespread use of genetic markers. Quality
cytochemistry can provide valuable additional diagnostic infor-
mation. Further precision can be added by immunophenotyping
(Chapter 19). Guidelines suggest that panels can be formulated
to depict precursor, granulocytic, monocytic, megakaryocytic
or erythroid features (Table 20.2). Although widely used, in
many cases, where high-quality morphology and cytochemistry
is available, immunophenotyping is not strictly required to
confirm the diagnosis as AML, except for cases classified as M0
or M7 (see Chapter 19). Although still in research mode, and
requiring considerable skill and standardization, the identifica-
tion of aberrant marker expression at diagnosis is emerging as
a useful way to monitor individual patients’ response to treat-
ment. It is also essential in diagnosing mixed-phenotype acute
leukaemia (Table 20.2).
In recent years, the FAB classification has been superseded

by the revised scheme devised under the auspices of the World
Health Organization (WHO), which recognizes accumulating
knowledge of the cytogenetic and the molecular characteristics,
as described in Chapter 19. As discussed later, the leukaemic
blasts may demonstrate an ‘aberrant’ immunophenotype, which
together with molecular characterization of cloned breakpoints

or mutations has potential to better classify distinct entities with
varying prognoses, as well as allow more precise definition of
response to treatment.

Cytogenetics and molecular genetics

Over the last four decades there have been major advances
in deciphering the genetic changes underlying AML. Approx-
imately 60% of cases are characterized by acquired chro-
mosomal abnormalities which define biologically and prog-
nostically distinct subsets of disease. These include balanced
chromosomal rearrangements (translocations and inversions)
which frequently target genes encoding haemopoietic tran-
scription factors (e.g. Retinoic Acid Receptor Alpha due to
t(15;17)(q22;q21), Core Binding Factor [CBF] complex due
to t(8;21)(q22;q22) or inv(16)(p13q22)/t(16;16)(p13;q22)) or
epigenetic regulators (e.g. KMT2A [MLL] due to rearrange-
ments of 11q23) (see Chapter 19, and Figure 20.2). Bal-
anced chromosomal rearrangements, which lead to the for-
mation of chimeric oncoproteins, are most prevalent in AML
arising in infancy (where MLL fusions predominate), chil-
dren and younger adults (Figure 20.2), but are infrequent
in older adults where complex karyotypes are more com-
mon. Over the last 20 years there has been dramatic progress
in understanding the molecular basis of AML lacking bal-
anced chromosomal rearrangements, including the 40% with
normal karyotype, as described in more detail further on
(Figure 20.2).
Consequently, it has become clear that the original

morphology-based classification of AML is no longer suit-
able, with an increasing number of disease entities being
recognized on the basis of cytogenetic and molecular genetic
characteristics. The previous WHO classification introduced
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Table 20.1 Test/procedures in the initial work-up of a patient with AML.

Test/procedure General practice Clinical trial

Tests to establish the diagnosis
Complete blood counts and differential count Yes Yes
Bone marrow aspirate Yes Yes
Bone marrow trephine biopsy Optionalf Optionalf

Immunophenotyping Yes Yes
Cytogenetics Yes Yes
RUNX1-RUNX1T1, CBFB-MYH11, PML-RARA, or other gene fusion screening Optionalg Optionalg

Additional tests/procedures at diagnosis
Demographics and medical historya Yes Yes
Performance status (ECOG/WHO score) Yes Yes
Analysis of comorbidities Yes Yes
Biochemistry, coagulation tests, urine analysisb Yes Yes
Serum pregnancy testc Yes Yes
Information on oocyte and sperm cryopreservation Optionalh Optionalh

Eligibility assessment for allogeneic HSCT Yesi Yesi

Hepatitis A, B, C; HIV-1 testing Yes Yes
Chest X-ray, 12-lead ECG: echocardiography (on indication) Yes Yes
Lumbar punctured No No
Biobankinge Optionalj Yes

Prognostic/predictive marker assessment
NPM1, CEBPA, FLT3 gene mutation Optionalk Yes
WT1, RUNX1, MLL, KIT, RAS, TP53, TET2, IDH1 gene mutation No Investigational
ERG, MN1, EVI1, BAALC gene expression No Investigational
Detection of minimal residual disease No Investigational

aIncluding race or ethnicity, family history, prior exposure to toxic agents, prior malignancy, therapy for prior malignancy, information on smoking.
bBiochemistry: glucose, sodium, potassium, calcium, creatinine, aspartate amino transferase (AST), alanine amino transferase (ALT), alkaline
phosphatase, lactate dehydrogenase, bilirubin, urea, total protein, uric acid, total cholesterol, total triglycerides, creatinine phosphokinase (CPK).
Coagulation tests: prothrombin time (PTT), international normalized ratio (INR) where indicated, activated partial thromboplastin time (aPTT). Urine
analysis: pH, glucose, erythrocytes, leucocytes, protein, nitrite.
cIn women with childbearing potential.
dRequired in patients with clinical symptoms suspicious of central nervous system involvement; patient should be evaluated by imaging study for
intracranial bleeding, leptomeningeal disease, and mass lesion; lumbar puncture considered optional in other settings (eg, high WBC).
ePretreatment leukemic bone marrow and blood sample.
fMandatory in patients with a dry tap (punctio sicca).
gShould be performed if chromosome morphology is of poor quality, or if there is typical morphology but the suspected cytogenetic abnormality is not
present.
hCryopreservation to be done in accordance with the wish of the patient.
iHLA typing and CMV testing should be performed in those patients eligible for allogeneic stem cell transplantation.
jBiobanking should also be performed in general practice if at all possible.
kStrongly encouraged in AML with normal karyotype.
Source: Döhner et al., 2010. Reproduced with permission of American Society of Hematology.

a lower marrow blast threshold of 20% to define the dis-
ease, but this is relatively arbitrary and many patients enter
treatment with 10% marrow blasts, i.e. high-risk myelodys-
plastic syndrome. Moreover, in the WHO classification,
patients with an established recurrent chromosomal rearrange-
ment, e.g. t(15;17)/PML-RARA, t(8;21)/RUNX1-RUNX1T1,
can be diagnosed as AML, irrespective of marrow blast
percentage.

Treatment

Aspirations for treatment

Given the age distribution of patients who will present with the
disease, itmust first be decidedwhat the goals of treatment are in
an individual patient. In young people, there is little doubt that
there is the prospect of significant benefit to be gained from an
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Table 20.2 Expression of cell-surface and cytoplasmic markers for the diagnosis of acute myeloid leukaemia and mixed-phenotype acute
leukaemia.

Expression ofmarkers for diagnoses

Diagnosis of acute myeloid leukaemia (AML)
Precursor stage CD34, CD38, CD117, CD133, HLA-DR
Granulocytic markers CD13, CD15, CD16, CD33, CD65, cytoplasmic myeloperoxidase (cMPO)
Monocytic markers Nonspecific esterase (NSE), CD11c, CD14, CD64, lysozyme, CD4, CD11b, CD36, NG2 homologue
Megakaryocyte markers CD41 (glycoprotein IIb/IIIa), CD61 (glycoprotein IIIa), CD42 (glycophorin 1b)
Erythroid marker CD235a (glycophorin A)

Diagnosis ofmixed phenotype acute leukaemia (MPAL)
Myeloid lineage MPO or evidence of monocytic differentiation (at least 2 of the following: NSE, CD11c, CD14,

CD64, lysozyme)
B-lineage CD19 (strong) with at least one of the following: CD79a, cCD22, CD10, or CD19 (weak) with at

least 2 of the following: CD79a, cCD22, CD10
T-lineage cCD3, or surface CD3

Source: Döhner et al., 2010. Reproduced with permission of American Society of Hematology.

intensive approach. With increasing age, which is often associ-
ated with comorbidity and less responsive disease, the balance
of benefit changes to a more palliative approach. Much of what
is known about the prospects of successful treatment is derived
from large clinical trials. In young patients, these results are usu-
ally representative of what can be expected for any age-matched
patients. However, only a selected minority of older patients
(>60 years) will enter trials, so trial-derived information may
be less transferable to the whole population in this age group. A
substantial majority of older patients are not considered fit for
the usual intensive approach and the priority for such patients
has until recently been palliative care, optimization of quality
of life and minimal hospitalization. Examination of survival in
population studies illustrates the dominant effect of age (Fig-
ure 20.3); indeed, a substantial proportion of patients over the
age of 60 years do not receive more than a palliative treatment
approach. However, newer drugs are being intensively tested in
this population that indicate that all patients can be offered treat-
ment with a chance of prolonging life.

Treatment strategy

The initial clinical priority is to apply chemotherapy to
improvemarrow function by inducing complete remission (CR).
Conceptually, this means an approximate 2-log reduction in
tumour burden (from the estimated 1012 leukaemic cells at dis-
ease diagnosis). This becomes compatible with a bone marrow
that appears normal morphologically and is functionally able
to produce normal numbers of circulating cells. The traditional
consensus definition of CR is based on these premises: less than
5% blast cells in a cellular marrow durable for at least 28 days

with a peripheral neutrophil count of 1.5 × 109/L and platelet
count above 100× 109/L, and absence of extramedullary disease.
In some cases, these criteria may be met, but the morphology is
dysplastic. It is not clear whether this is associated with a greater
risk of relapse. Similarly, some patients meet the marrow crite-
ria, but do not achieve full peripheral count regeneration, now
called CRi (CR with incomplete count recovery), i.e. either the
neutrophil or platelet count has failed to reach the level required
for the definition of CR. This subgroup tends to have a poorer
overall survival. In some circumstances, these features may rep-
resent a pre-existing dysplastic state; in others it may represent
the effects of over-treatment of that particular individual. In the
former case, this may have adverse connotations, while in the
latter it represents optimum treatment.
The increased understanding of molecular mechanisms (as

described by Bolli and Vassiliou in Chapter 18) has resulted in
more sophisticated molecular techniques becoming available; it
is clear that it is still possible to detect residual disease when
all conventional morphological and functional criteria of com-
plete remission are met. Techniques such as real-time quanti-
tative polymerase chain reaction (RT-qPCR) and multiparame-
ter flow cytometry (MFC) are capable of detection at a level of
1 in 104 or 1 in 105 residual cells. While the molecular mark-
ers do not cover all cases, flow cytometric detection of aber-
rant phenotype can be characterized in most patients. This is
highly skilled technology that requires considerable expertise
and lab quality assurance, but may well re-define ‘remission’ and
responses in the near future. Interestingly, in older studies on
X-linked markers of clonality, it has been noted that in some
cases marrow remissions are clonal. It has recently become
clear from work from the Dick and Majeti groups that this

355



Postgraduate Haematology

Other adverse cytogenetics
<8% t(15;17)/PML-RARA

10%

t(8;21)/RUNX1-RUNX1T1
5%

RUNX1 mut
7%

ASXL1 mut
2%

MLL-PTD
1%

Other MLL fusions
3%

inv(3)/t(3;3)/EVI-1
2%

inv(16)/CBFB-MYH11
6%

NPM1 mut/FLT3-ITD neg
20%

NPM1 mut/FLT3-ITD pos
15%

CEBPA biallelic/FLT3-ITD neg
4%

t(9;11)/t(11;19)
4%

t(3;5)/NPM1-MLF1
1%

Other intermediate
7%

FLT3-ITD pos/NPMI wt
6%
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phenomenon relates to persistence of pre-leukaemic clones
harbouring mutations in epigenetic landscaping genes (e.g.
DNMT3A)which are resistant to chemotherapy and canprovide
a potential reservoir for disease relapse. As discussed further
on, there is now intense interest in using validated molecular
markers and leukaemia-associated immunophenotypes to pre-
dict imminent relapse before this becomes apparent clinically.
Clinical experience has demonstrated that further intensive

postremission treatment is required to ‘consolidate’ CR. This is
delivered at the same intensity as induction in order to achieve
further cytoreduction. Under these circumstances, it is possi-
ble to achieve disease levels that are beyond the level of molec-
ular detection. It is not clear how many intensive consolida-
tion courses are required, but two or three are generally used in
younger patients, and stem cell transplantationmay be included.
Where intensive induction and consolidation can be given,
for example in younger patients, maintenance chemotherapy is
not required. A pictorial description of treatment is shown in
Figure 20.4.

Treatment details

Induction of remission
The backbone of treatment for 30 years has been the com-
bination of daunorubicin and cytarabine. Historically

daunorubicin has been given for 3 days in a dose of 45–
50 mg/m2. Cytarabine is given for 7–10 days as a continuous
infusion or by bolus doses of 100–200 mg/m2 daily. Many
clinical trials have been conducted that have tested variations
on this standard of care. Alternatives to daunorubicin (dox-
orubicin, mitoxantrone, idarubicin, aclarubicin) or different
doses have not yet been shown to afford consistently superior
overall, although recent studies that have explored higher
anthracycline doses may improve the remission rate in older
patients. Idarubicin may achieve a better quality of remission, as
reflected in a reduced relapse risk in younger patients, but it is
more myelosuppressive and limits the intensity of consolidation
treatment. Intensification of daunorubicin (to 90 mg/m2) has
been reported to be beneficial in younger patients or in a subset
of older patients (aged 60 to 65 years), but in the younger patient
trial, the control arm (at a daunorubicin dose of 45 mg/m2) was
inferior to what is now routinely expected. Dosing for 5 days
instead of 3 also suggested that this method of intensification
was effective. Surprisingly, 90 mg has never been compared
with the more ‘standard’ dose of 60 mg/m2. This question has
been addressed in a large UK trial involving more than 1200
patients with no overall difference being found overall or in any
patient subgroup. Formany investigators daunorubicin at a dose
level of 60 mg/m2 remains the anthracycline of choice. Higher
doses of cytarabine (3 g/m2) in induction have been tested in
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recent years, with mixed results and no convincing evidence
of overall benefit. Intermediate doses (400 mg/m2 daily versus
200 mg/m2 daily) have been tested in younger patients without
demonstrating a difference.
Comparison of induction treatment is not simply measured

by the rate of remission. By achieving a greater degree of cytore-
duction, without necessarily getting more patients into CR, one
treatmentmay be superior because it results in fewer subsequent
relapses. The beneficial effect of the addition of a third drug
to the induction combination has some evidence to support it.
This will usually be etoposide or thioguanine. A large compara-
tive study did not show any difference between these two drugs
when used as the third drug in combination with daunorubicin
and cytarabine. More recent data from Poland suggests that the
addition of cladrabine to daunorubicin and Ara-C is beneficial
overall, but in particular in the higher-risk patients. This inter-
esting option requires additional confirmation. There has been
much interest in adding the immunoconjugate gemtuzumab
ozogamicin (GO) (mylotarg) to induction treatment. This does
not improve the remission rate, but reduces the risk of relapse
and thereby improves survival. A recent patient-based meta-
analysis of the five randomized trials in adults, where GO was
added to induction, confirms the overall reduction in relapse
and the survival benefit in patients who are not adverse risk.
However mylotarg is unlicensed outside Japan. An alternative
induction is the FLAG-Ida combination (fludarabine/Ara-C/
G-CSF and idarubicin), which proved to be effective in younger
patients, again, not by improving the rate of remission, but by
reducing relapse. When two successive courses of FLAG-Ida are
used for induction, greatermyelosuppression is observed in sub-
sequent consolidation, thus reducing compliance with postin-
duction treatment, but this does not appear to diminish survival.
In fact, recipients of only two induction courses of FLAG-Ida
may fare just as well as recipients of two DA inductions followed
by Ara-C consolidation.
The majority of patients who are going to enter remission

will do so after one course of treatment. If an incomplete
response is obtained, then a second course of the same com-
bination is indicated. A further group will enter remission, but
these patients have thus shown themselves to have less sensi-
tive disease, and this is reflected in a modestly increased risk
of relapse later. If patients fail to achieve a substantial reduc-
tion in marrow blasts (to <15% blasts) in the first course or
fail to enter CR with a second course, even if they then enter
remission, they should be considered refractory to the drugs
used up to that point and transferred to an alternative treat-
ment schedule where they can still have a prospect of achiev-
ing CR, even though they tend to have a higher risk of rapid
relapse. On this basis alone they are candidates for allogeneic
transplant.
An emerging area is the possibility of re-defining remis-

sion status based on minimal (or measurable) residual disease
(MRD) assays. This will be discussed later.

Table 20.3 Relationship between complete remission rate and
patient age. Patients were all given intensive chemotherapy.

Age (years) <35 35–55 55–60 61–65 66–70 71–75 75+

Complete
remission (%)

88 82 77 62 63 48 59

Source: Data from the UKMedical Research Council AML Trial database.

Results of induction treatment
With the approaches to treatment outlined above, 75–80%
of patients under 60 years and 50–60% of older patients will
enter morphological CR. Of those who do, about 70% will
have required one course. A number of factors influence
the prospects of achieving remission. Age is a dominant and
independent risk factor and a continuous variable (Table 20.3).
Clinical performance score at diagnosis is also highly predic-
tive. In younger patients, fewer tend to present with poorer
performance scores so this prognostic factor does not move the
overall remission rate to any great extent. A larger proportion
of older patients will have poorer risk biology (including poor
cytogenetics, secondary AML, drug-resistant phenotype) or
poorer prognostic scores where multiparameter scores are used.
The distribution of cytogenetic subtypes is related to age, with
more-responsive subtypes accounting for a greater proportion
in younger patients and less-responsive subtypes aggregating in
older individuals. Tumour burden at diagnosis, as represented
by white blood count, serum albumin or lactate dehydrogenase
levels, will adversely impact on response to induction treatment.
It is now possible to measure a number of proteins involved in
drug efflux in leukaemic blasts. These ‘resistance’ proteins, for
example P-glycoprotein (see below), tend to be more frequently
expressed in AML arising in older patients and correlate with
a lower remission rate. If patients have had an antecedent
haematological disorder, e.g. myelodysplasia, the remission rate
will be about 20% lower than in age-matched groups. About
10–25% of older patients embarking on intensive induction
chemotherapy will die during the aplastic phase from non-
leukaemic causes, which is essentially a failure of supportive
care. Induction deaths tend to be associated with the adverse
features already mentioned.

Supportive care (see also Chapter 23)
It is unusual for induction chemotherapy not to clear most of
the leukaemic blasts; however, this is at a cost of 3–4 weeks of
severe pancytopenia. Supporting patients through the period
of marrow suppression is crucial to treatment outcome; indeed
many hold the view that the main reason that treatment has
improved is due to improvements in supportive care. In collab-
orative group studies this is reflected in a decline in induction
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deaths and deaths in remission over time. It is therefore impor-
tant that patients are treated in an environment where all nec-
essary supportive facilities are available. Several components of
supportive care have to be in place during this period. Care-
ful monitoring of biochemical parameters of renal and hepatic
function and coagulation is required. Central venous access is
now considered essential, together with high-quality and read-
ily available blood product support.
A priority is the prevention and management of infection.

Most patients will receive prophylactic oral antibiotics and anti-
fungals to minimize the risk of infection during the neutropenic
period, although routine use of the latter can still be debated.
Since hospital-acquired infections are becoming an increasing
problem, it can be safer for the patient to be at home, provided
that close monitoring can be undertaken in the day hospital and
that rapid re-admission to specialist care is available.
Despite prophylactic measures, most patients will become

febrile during neutropenia. This must be considered an indi-
cation of a serious, and potentially fatal, infection. The com-
mon pathogens are staphylococcal, caused by the use of cen-
tral catheters, and, increasingly, fungal infections (Candida and
Aspergillus), which are related to the duration of severe neu-
tropenia that results from themore intensive chemotherapy now
used. Particular patterns of infection will be determined within
individual institutions and will dictate the specific approach
to empirical antimicrobial intervention. Fungal infections are a
particular problem, not only related tomore intensive treatment,
but also because of building construction work that is such a fea-
ture of hospital environments. Guidance on intervention should
not only be based on evidence from the literature, but should
also incorporate local microbiological issues. Nursing expertise
is an essential component. It seems probable that improvements
in remission rates in recent years can largely be attributed to bet-
ter supportive care and nursing skills, which have enabled more
intensive treatment to be given safely.
Recombinant growth factor granulocyte colony-stimulating

factor (G-CSF) has potential use in two respects. First, if it could
curtail the duration of neutropenia, there would be less risk of
death during the aplastic phase following induction chemother-
apy; this may increase the rate of remission. Second, as many
leukaemia cells exhibit receptors for these growth factors, it may
be possible to pretreat the patient with growth factor to bring the
leukaemic cells into cycle and thereby make them more suscep-
tible to chemotherapy. Extensive studies using G-CSF to curtail
neutropenia have been carried out and some general conclusions
can be made. The duration of neutropenia can be reduced by a
fewdays, but it is less easy to demonstrate a reduction in episodes
of febrile neutropenia. There is generally no improvement in
remission rate. Growth factor use has not increased leukaemic
growth or involved relapse.
It is primarily a health economics decision that determines

whether growth factors are incorporated into routine practice
or not. Their use may enable patients to leave hospital earlier.

If the local policy is to hospitalize patients during neutropenia,
this may save resources. Fewer studies have been carried out to
see whether growth factor ‘priming’ of the leukaemic popula-
tion would be advantageous. These have generally been unsuc-
cessful, but a recent positive study may re-kindle interest in this
approach, particularly because newer mobilizing agents, such as
CXCR4 antagonists, may soon become available.

Consolidation treatment

Having achieved remission, the priority is to prevent relapse.
Optimization of induction treatment is still required, as it will
influence the quality of remission and thereby the subsequent
rate of relapse. Mature data from randomized trials suggests
that the risk of relapse can be reduced by the addition of
the immunoconjugate gemtuzumab ozogamicin (mylotarg) to
induction treatment, but it does not change remission rate.
However its use post remission has not been effective. Three
options are available for younger patients once remission has
been achieved: further chemotherapy at induction level of inten-
sity, chemotherapywith autologous or allogeneic stem cell trans-
plantation with or without prior chemotherapy. Chemotherapy
will usually involve a further two or three courses usually with
high-dose Ara-C. At this point in the treatment, there is a the-
oretical logic in using different drugs to minimize the risk of
selecting chemoresistant leukaemic clones. Combinations, using
cytarabine at increased dosage, amsacrine, etoposide and alter-
native anthracyclines, are often used (Figure 20.5). Few studies
have made direct comparisons between specific combinations,
but rather try to work out how many consolidation courses are
needed. Two or three courses that are intensive enough to induce
3–4 weeks of neutropenia appears to be achievable, but is reach-
ing the limit of tolerability and compliance. High-dose cytara-
bine (3 g/m2 on alternate days over 5 days) has been shown to
be superior to lower doses (400 mg/m2 or 100 mg/m2), but only
in patients with more sensitive disease. Trials have also shown
that intermediate cytarabine doses may be just as effective with
less toxicity. It has been suggested that high-dose cytarabine is
more effective in the most responsive subtypes of disease (i.e.
those with lower-risk disease) based on cytogenetic prognostic
markers. Overall, 45–50% of younger patients who enter remis-
sionwill relapse, usuallywithin the first 2 years. In older patients,
the risk is much higher (80%).

Allogeneic stem cell transplantation
There is little doubt that the most effective way to prevent
leukaemic relapse in younger patients is allogeneic transplanta-
tion from an HLA-compatible sibling donor. Most of the exten-
sive data available are derived from patients in whom the graft
was of bonemarrow. Practice has now changed such that periph-
eral blood is the usual source, and it is clear that a well-matched
unrelated donor can provide equivalent outcomes (Chapter 35).
In these circumstances, the relapse riskwill be reduced from45%
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Induction treatment
• One or two courses

Drug
• Anthracycline
• Cytosine arabinoside
• Third drug

Consolidation treatment

Alternatives
• Daunorubicin
• Idarubicin
• Mitoxantrone
• Thioguanine
• Etoposide

• 1–3 courses Drug
• Ara-C
• Anthracycline
• m-Amsacrine
• Etoposide

Alternatives
• High-dose Ara-C
• Anthracycline + Ara-C
• m-Amsacrine
 + etoposide

Patients < 40 years
with standard or
poor-risk disease

All risk groups
and older patients

Patients < 60 years
with standard or
poor-risk disease

Donor available 1–3 courses of
chemotherapy

Allo stem cell
transplantation
(unrelated donor
for poor-risk
disease)

Auto stem cell
transplantation

Figure 20.5 Treatment options in AML.

to about 20%. As there are non-leukaemic causes of death, the
overall expectation of cure for recipients of allogeneic bonemar-
row transplantation is around 60% from the time of transplanta-
tion. Some of these survivorswill havemorbidities that survivors
of chemotherapy may avoid, e.g. loss of fertility, and this needs
to be taken into account when advising patients. As the risk
of transplant complications, graft-versus-host disease (GVHD)
and infections, in particular, increases with age, this approach is
normally limited to patients under 45 years, although the pre-
cise age cut-off remains controversial and will be a matter of the
relative risk of the transplant and of disease recurrence.
Some transplant-related factors may predict for a more

favourable outcome, such as a male donor, a cytomegalovirus
(CMV)-negative donor when the host is CMV negative and a
higher cell count in the graft, and so influence the decision to
undergo the treatment, but these seem to be less powerful than
disease characteristics in predicting the overall outcome. The
extent to which the high-dose preparative regimen necessary to
ensure engraftment or the immunological reactivity of the donor
marrow via donor T cells eliminates residual leukaemia has
been debated extensively. It is assumed that at least some (and
probably a major) contribution comes from the immunological
graft-versus-leukaemia (GVL) effect. Experience with donors
who are mismatched at more than one HLA locus has not been
encouraging, although in specialized centres haplo-identical
transplants now appear feasible. Fully matched unrelated donor

transplantation has become more reliable, particularly with the
development of molecular methods of tissue typing. In expert
hands, in carefully selected young patients, this approach is
equivalent to having a sibling donor.
Once remission has been achieved, there is probably no def-

inite requirement to administer more than one course of con-
solidation chemotherapy before the allograft; however, because
of the time required to identify a donor and make the necessary
arrangements for the transplant, more than one course is usually
necessary. It appears that variations in transplantation protocols
do not have amajor effect on overall survival, for example choice
of myeloablative schedule, GVHD prophylaxis or whether bone
marrow or peripheral blood is the source of stem cells. However,
it may be that the level of immunosuppression with ciclosporine
can be manipulated to influence the risk of relapse.
Because the applicability of transplantation is limited, by

treatment-related complications, to younger patients and yet
has a very powerful antileukaemic effect, there has been
considerable interest as to whether non-ablative allogeneic
transplantation will have a role in older patients. This approach
does not require the traditional intensive treatment to ablate
the host marrow, but provides enough immunosuppression to
enable the donor stem cells to engraft. Over a period of weeks,
the host haemopoiesis becomes donor, i.e. changes from host
to mixed to donor chimerism. It is now clear that full chimeric
engraftment in older patients can be achieved with treatment
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modalities that are not ablative to the bone marrow. The hope
is that this provides sufficient GVL effect. In AML, in a conven-
tional allogeneic transplant, it is not clear how important the
GVL effect is, so it remains to be seen whether non-ablative
transplantation has a role in consolidation of AML in older
patients.However, the preliminary results have shown that this is
a viable approach and that over the 2–4 year term the outcomes
are encouraging.
Preliminary data suggests that non-ablative (reduced-

intensity conditioning transplants) can improve survival
compared with chemotherapy in intermediate-risk cases, but
not in adverse-risk cases. This could be said to be the opposite
of the data in younger patients who receive a myeloablative
graft. Defining who benefits from a non-ablative transplant is
an important ongoing area of clinical investigation.
So there still remains much debate about which patients

should be offered an allograft in first remission. At present, for a
myeloablative approach, which is validated in younger patients,
there is little argument that patients who are identified as high
risk should be transplant candidates. Patients with favourable
features are unlikely to gain from transplant in first complete
remission (CR1), not least because an important proportion can
be salvaged if they relapse. The controversy centres around inter-
mediate risk and boils down to how it is defined. The reasonwhy
use of this procedure in first remission is still debated is that the
risk of relapse is highly variable, and because the encouraging
results are distorted by the fact that patients who actually receive
the transplant have been selected by surviving in remission until
the transplant is performed, i.e. have an unintended selection
bias. When the endpoint of published studies is only reported as
disease-free survival, thewhole issue of using the available trans-
plant as salvage treatment has been ignored. This is inappropri-
ate, so overall survival should be the endpoint on which to judge
the data. In advising patients, the risk of relapse, the possibility
of salvaging a patient if they do relapse from chemotherapy, and
the risk of the transplant procedure itself, need to be weighed in
the decision.

Autologous stem cell transplantation
Harvesting of stem cells from the bone marrow or periph-
eral blood during remission and using them after a period
of cryopreservation for haematological rescue after myeloab-
lative chemoradiotherapy has been widely used for younger
patients who lack donors. This approach has also been shown
to be a more effective way of preserving remission compared
with chemotherapy. The treatment-related mortality is lower
(5–10%) than with allogeneic transplantation, but it lacks a
GVL effect, so the relapse risk is higher (around 35–40%). This
results in an overall survival of 50–55% of those who receive
this approach. Because the complications are not particularly age
related, patients up to their mid-fifties can safely undergo this
procedure, but the results of autologous transplantation in older
patients (>60 years) are not encouraging.

Patients who receive the autograft early in remission (e.g.
within 3 months) do less well than those treated at 3–6 months,
because of a higher relapse rate. This may reflect patient selec-
tion, but it has also been interpreted to mean that, for an auto-
graft to be successful, consolidation chemotherapy beforehand
has an important role in cytoreduction of leukaemia cells before
the marrow is harvested, so-called in vivo purging of disease.
Initially there was concern that returning stem cells to patients
would be illogical unless efforts weremade to eliminate contam-
inating leukaemia cells first, so-called ‘ex vivo purging’. Various
chemical, cellular and immunologically based techniques were
used without clear evidence of benefit. Most clinical experience
was gained using ‘unpurged’ bone marrow supporting myeloab-
lative chemoradiotherapy, which usually comprised cyclophos-
phamide with total body irradiation or busulfan with cyclophos-
phamide. One of the problems with the use of autologous bone
marrow has been delayed peripheral blood count recovery, par-
ticularly of platelets. This seems to be a feature of AML and
is less obvious in other disease indications. Current practice
uses peripheral blood or combines peripheral blood and mar-
row stem cells to ameliorate this problem. This has improved
haemopoietic recovery but may be associated with an increased
risk of relapse, thus giving no overall survival advantage. While
autograft has fallen out of fashion as a result of the older random-
ized trials failing to show a survival benefit, it may well be that
applying techniques to more accurately detect submicroscopic
levels of disease could select patients who could preferentially
benefit. This, however, needs to be prospectively tested.

Comparison of consolidation options
For patients under 55 or 60 years, all three treatment options
are available, so the dilemma is which treatment approach to
take. About 50% of patients entering remission will survive
with chemotherapy alone. Of those who receive an allogeneic or
autologous stem cell transplant, 55–60% and 50%, respectively,
will survive. Patients who receive a transplant are not equivalent
to patients receiving chemotherapy alone. They have survived
long enough to receive the transplant, whereas some patients eli-
gible for transplant may not have received one because of early
relapse. Some studies demonstrate that 40% of patients with a
donor do not receive an allograft.
Another less frequently considered option is to delay the

transplant until there is disease recurrence. Primary treatment of
relapse with transplantation is associated with a high rate of fail-
ure, so it is necessary to establish a second remission first. How-
ever, it is possible to salvage overall about 40 to 50% of patients
who relapse from chemotherapy. Based on risk factors, it is pos-
sible to define those patients who, if they relapse, are likely
to enter second remission. In this subgroup the transplant can
therefore be delayed beyond CR1 because if first-line treatment
does fail, a second CR can be reliably obtained and a transplant
delivered. If there is a low chance of second remission, there is a
stronger case for transplantation as part of first-line treatment.
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Several prospective randomized trials have compared
chemotherapy with autologous transplantation and allo-
transplantation with chemotherapy. In the latter case, these
comparisons are not truly randomized, but rather compare
patients found to have donors, and assumed to be intended to
receive an allograft, with those forwhomnodonor is found. This
‘donor versus no-donor’ comparison is a substitute for random-
ization. Although the conclusions are not universal, and despite
the superior ability of allograft to reduce the risk of relapse and
in some studies to improve the disease-free survival, there have
often been no differences in survival between these approaches.
When those with donors are then compared, overall there is only
a modest, but statistically significant, survival benefit in favour
of allotransplantation; this may, however, be less clinically
significant. When the cytogenetic risk of relapse is taken into
account (discussed below), it would appear that transplantation
is not required for good-risk patients, and in the absence of an
emerging non-transplant improvement for poor-risk patients,
allogeneic transplantation, including from unrelated donors is
the chosen approach. There is a prospect that chemotherapy
may continue to improve so the question of whether allotrans-
plantation will continue to be the best option for standard-risk
patients remains a matter of considerable debate, particularly
with the emergence of several new prognostic markers and
continuous re-definition of relapse risk. The evidence continues
to evolve and the challenge is to apply it to individual patients in
daily clinical practice. Part of the problem is that there is a lack of
allograft data in the setting of powerful prognostic information.

Factors influencing the risk of relapse

As treatment of disease in younger patients has improved, so the
heterogeneity of disease has also become apparent with respect
to differences in relapse risk. On multivariate analysis a num-
ber of factors have emerged that can predict the risk of relapse,

irrespective of treatment schedules used, including stem cell
transplantation.

Cytogenetics

Patients with core binding factor (CBF) leukaemia, defined
by the presence of t(8;21)(q22;q22)/RUNX1-RUNX1T1 and
inv(16)(p13q22)/t(16;16)(p13;q22)/CBFB-MYH11, have a high
remission rate, lower risk of relapse and higher rate of second
remission, associated with 5-year survival of 65–75%. These
patients tend to have lower expression of the ‘resistance pro-
teins’ and a low frequency of FLT3mutations (described below).
Acute promyelocytic leukaemia (APL) is now regarded as a sep-
arate entity that is uniquely responsive to retinoic acid. In most
cases, the disease is characterized by t(15;17)(q22;q21), which
predicts sensitivity to all-trans-retinoic acid (ATRA) and arsenic
trioxide (ATO), which achieve remission by inducing degrada-
tion of the underlying PML-RARα oncoprotein. These abnor-
malities are frequently associated with additional cytogenetic
changes in the leukaemic blasts, such as loss of a sex chromo-
some and del(9q) in the case of t(8;21), trisomy 22 in inv(16) and
trisomy 8 in the case of t(15;17). These additional changes do
not adversely affect the favourable prognosis. Similarly, internal
tandem duplication (ITD) mutations of the FLT3 gene (FLT3-
ITD) occur in about 35% of APL cases, and do not affect prog-
nosis in this group of patients once presenting WBC is taken
into account. Together, these good-risk patients comprise about
25% of patients under 60 years (Figure 20.2). CBF leukaemia
and APL account for a smaller proportion of AML presenting
in older adults (Figure 20.6), but continue to represent a more
favourable group, with a survival of 35% compared with an over-
all survival of 15–20% in that age group in those treated with
intensive chemotherapy.
About 15% of younger patients have cytogenetic abnormali-

ties that are associated with a lower remission rate and a relapse
risk on conventional chemotherapy of 85%. These include
−5/del(5q), −7/del(7q), inv(3)(q21q26)/t(3;3)(q21;q26), t(9;22)
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Figure 20.6 Age-specific incidence of
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AML16. (Source: Anthony Moorman and
Christine Harrison, Newcastle University,
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and complex karyotype (more than three unrelated changes)
in the absence of any favourable cytogenetic abnormality. Such
patients need to be identified early because, even if a remission is
achieved, it will be short-lived. Currently, transplantation repre-
sents the only viable treatment, but even that is associated with
a high relapse risk. There is little evidence that the outlook for
this high-risk group has improved over the last 20 years.
Patients who do not fall into the categories described are

regarded as standard risk. They have a 5-year survival of 40–45%
(Figure 20.7a). The impact of this risk stratification is apparent
irrespective of chemotherapy used or whether patients receive
an allograft or an autograft. There are some minor discrepan-
cies between published series; however, analysis of over 700 chil-
dren and almost 6000 younger adults from the UK MRC trials
has allowed cytogenetic risk stratification to be refined in these
age groups. However, risk stratification is an evolving process
as the mutational landscape becomes better defined. In older
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Figure 20.7 The impact of cytogenetic risk groups on treatment
outcome. (a) The survival of patients aged under 60 years with
good-risk abnormalities – t(8;21), inv(16), t(15;17) – with or
without other abnormalities. Poor risk is associated with changes
involving chromosome 5 or 7, 3q26 abnormalities or complex
karyotype (more than three unrelated abnormalities). The
standard-risk group comprises patients who do not have the
abnormalities included in the good- or poor-risk categories.
(b) The outcome for patients over 60 years old with these
abnormalities who were treated with intensive chemotherapy. The
relative proportion of the abnormalities in each age group is shown
in Figure 20.6.

patients, the overall survival of chemotherapy is around 15–20%
at 5 years; it is therefore less easy to delineate cytogenetic risk
subgroups. Adverse groups are more frequent, and favourable
subgroups are less common. This partly accounts for the poorer
prognosis of AML in older patients. It is still possible to derive
a hierarchical risk stratification in the older patients based on
similar criteria already described for younger patients. Some
extremely poor subgroups can be identified (Figure 20.7b).

Age

Increasing age, from children to the elderly who are given inten-
sive chemotherapy, is associated not onlywith a poorer chance of
achieving remission, but also with an increasing risk of relapse,
even allowing for obvious differences in comorbidities and dis-
tribution of cytogenetic risk groups. Leukaemias in the elderly
more frequently express the drug transport proteins associated
with chemoresistance (discussed below).

Response to induction chemotherapy

Patients who enter remission with the first course will have a
lower relapse risk than those who require a further course. This
has been recognized in various ways. For example, the presence
of residual blasts in the bone marrow on day 14 can be used
as a reason to give additional treatment. The blast percentage
in the bone marrow assessed on recovery from the first treat-
ment course has been shown to be highly predictive, i.e. patients
who havemore than 15% blasts, even though remission is subse-
quently achieved, will have a high relapse risk. Both cytogenet-
ics and age are related to this response.When themorphological
appearances are related to cytogenetic risk group, it is clear that,
for good-risk patients, failure to clear the marrow with the first
course is not an adverse feature, whereas in poor-risk patients,
even those who clear blasts in the first course, will have a poor
prognosis. In standard cytogenetic risk patients, it is those who
fail to clear the marrow that have an adverse risk. From such
data, a risk definition incorporating cytogenetics and marrow
response can be obtained and this identifies those in the stan-
dard cytogenetic risk group who fail to clear the marrow and
are thus poor-risk (Table 20.4). This can be further related to
age, which suggests that the impact of older age is clearest in the
standard-risk patients who clear marrow blasts.

FLT3-ITD mutation

Not only has FLT3-ITD emerged as one of the most frequent
mutations in AML but several large series conclude that it is also
a major prognostic factor, not for the achievement of remission
but particularly for predicting relapse. While there is strong evi-
dence to suggest that FLT3-ITD represents a secondary event in
disease pathogenesis, its detection has become standard practice
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Table 20.4 Overall survival of younger adults according to
cytogenetic risk group and response to induction therapy (UK
MRC AML10 trial data).

Cytogenetic group CR (%) PR (%) RD (%)

Favourable 77 68 76
Standard 49 41 16
Poor 26 24 4

CR, complete remission; PR, partial remission; RD, resistant disease.

in the diagnostic work-up of AML, providing additional refine-
ment to cytogenetic predictive groups. The question of whether
FLT3-ITD status should be used to direct patients’ treat-
ment depends on the nature of the accompanying cytogenetic/
molecular genetic features. Moreover, as discussed below, FLT3
has attracted interest as a potential therapeutic target, with sev-
eral potential inhibitors under assessment, but thus far none
has produced a survival benefit (possibly in part because FLT3
mutations are secondary events in disease pathogenesis). In
contrast to FLT3-ITD, mutations involving the activation loop
(tyrosine kinase domain, TKD), which occur in 7–10% of
patients, have not been shown to be adverse in all studies and
may even be favourable, which might be explained by differ-
ences in the downstream signalling pathways and the pattern
of coexisting mutations. FLT3 mutation status is complicated
by the requirement for rigorous definition of meaningful muta-
tion and a knowledge of the mutant to wild-type ratio, where a
high ratio has a more negative impact. Its prognostic relevance
is further modified by its frequent association with other muta-
tions, particularlyNPM1, which appear to neutralize its negative
impact. About 70% of FLT3mutated patients have other features
that make them high risk anyway, and thus should be directed

to stem cell transplantation on that basis alone, although it is far
from clear that this provides a satisfactory cure rate.

Other molecular abnormalities

The discovery that the nucleophosmin 1 (NPM1) gene was
mutated in a third of AML cases, including approximately half
with normal karyotype, stimulated considerable effort to further
subdivide the prognostic groups using molecular information.
Overall, the presence of anNPM1mutation confers a favourable
outcome.However, as already stated, it frequently coexists with a
FLT3-ITD, where it modulates the negative impact of this muta-
tion. In a large UK study on patients inMRC trials, the prognos-
tic implications of the four possible combined genotypes is clear
(Figure 20.8 and Table 20.5). While it is tempting to suggest that
the poor outcome for patients with a FLT3-ITD positive/NPM1
wild-type genotype could be improved by transplantation, so far
there are scanty data to confirm that this is the case.
About 10% of cases, usually those with a normal karyotype,

have a mutation of the CCAAT/enhancer-binding protein α
(CEBPA) gene. This can occur as a single mutation in a minor-
ity of cases, which does not influence prognosis, or as a biallelic
mutation, which confers a favourable prognosis in the absence
of FLT3-ITD, equivalent to that of patients with favourable cyto-
genetics. Mutations of c-KIT have been reported in 20–30% of
patients within theCBF subset of favourable cases, where it iden-
tifies a subset who have a higher risk of relapse. It is not clear
that this always has a negative impact on survival since such
patients remain responsive to chemotherapy. Studies are under-
way to find out if the addition of KIT inhibitors are of value in
this population.
Mutations of the Wilms’ tumour (WT1) gene that are also

likely to represent a secondary event in disease pathogenesis
have been identified, and it is generally agreed that they predict
for an increased risk of treatment failure. Other mutations that
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Table 20.5 Cytogenetic and molecular risk groups.

Risk group Cytogenetic/molecular genetic abnormality

Favourable t(15;17)(q22;q21)/PML-RARA
t(8;21)(q22;q22)/RUNX1-RUNX1T1
inv(16)(p13q22)/t(16;16)(p13;q22)/CBFB-
MYH11

NPM1 mutation (in absence of FLT3-ITD or
DNMT3A mutation)

Biallelic CEBPA mutation
Intermediate Cytogenetic/molecular genetic abnormalities

not classified as favourable or adverse
Adverse In the absence of favourable risk cytogenetic/

molecular genetic abnormalities:
abn(3q) [excluding t(3;5)(q21∼25;q31∼35)/
NPM1-MLF1],

inv(3)(q21q26)/t(3;3)(q21;q26)/ GATA2/EVI1
add(5q)/del(5q), −5
t(5;11)(q35;p15.5)/NUP98-NSD1
t(6;9)(p23;q34)/DEK-NUP214
add(7q)/del(7q), −7
t(11q23) [excluding t(9;11)(p21∼22;q23) and
t(11;19)(q23;p13)]

t(9;22)(q34;q11)/BCR-ABL
−17/abn(17p)/TP53 mutation
Complex karyotype (≥4 unrelated
abnormalities)

ASXL1 mutation
DNMT3A mutation
FLT3-ITD
MLL-PTD
RUNX1 mutation

have been identified as independent predictors of adverse out-
come include those involving ASXL1, DNMT3A and RUNX1,
as well as partial tandem duplications of the MLL gene (MLL-
PTD). The use of gene over-expression is a little more prob-
lematic because of the need to standardize methodology, but a
number of studies have reported that higher expression of EVI1,
ERG, MN1, CXXC5, INPP4B and BAALC is associated with
poorer survival.
The addition of the molecular subdivision to the prognos-

tic assessment adds considerable complexity for prospective
validation and for assessing whether any specific treatment
is beneficial, or indeed whether the molecular characteristics
add prognostic information to that which is already available,
or simply identifies the same patient groups. While current
diagnostic algorithms take into consideration only a very limited
number of molecular markers, the seminal TCGA consortium
study in which the genomes of 200 AML cases were analysed by
high-throughput sequencing highlights the challenge ahead. In

this study, the average case of AML harboured over 10 muta-
tions and 23 genes were found to be recurrent mutation targets,
with over 1000 genes involved overall. Apart from involvement
of myeloid transcription factors, signaling molecules, NPM1,
tumour suppressors (e.g. TP53) and epigenetic modifiers, this
study highlighted that genes encoding components of the splic-
ing machinery and cohesin complex are recurrent mutation tar-
gets in AML. The ‘holy grail’ is to match up the many molecu-
lar subgroups with particular therapies, but this will need huge
numbers of fully characterized patients to be statistically robust.

Performance score

In older patients, standard assessments of performance vary
considerably. These scores are highly predictive for induc-
tion treatment success, and will also inevitably relate to which
patients are considered candidates for an intensive approach to
treatment.

White cell count

High tumour load is an adverse feature for both induction and
relapse risk. The threshold for risk is not definitive. A white cell
count of 50 × 109/L is often quoted. In subgroups, a prognostic
influence is apparent atmuch lower counts, for example inAPL a
white cell count at diagnosis of greater than 10× 109/L is usually
agreed as predictive of a higher relapse risk. The impact of a high
white cell count is less than that of cytogenetics, but may have
isolated value when cytogenetics is not available.

Resistance proteins

One of the important biological differences between AML pre-
senting in older and younger patients, is the increased frequency
in the former of expression of proteins involved in drug trans-
port. These are associated with chemoresistance to some of
the drugs used in AML, such as anthracyclines and etoposide.
Expression also tends to be associated with a stem cell phe-
notype and adverse cytogenetics. The most widely studied is
P-glycoprotein (P-gp), an energy-dependent transporter protein
product of theMDR1 gene on chromosome 7 andwhich belongs
to the ATP-binding cassette (ABC) transporter family. Older
patients with AML frequently over-express this protein, which
has been shown to be predictive for inferior rates of remission
and remission duration. The expression levels reportedmay vary
in different series because of differences between measurement
techniques. Quantitative flow cytometry has brought a degree of
consistency tomeasurement, but a functional assessment (of dye
efflux) and blockade with a P-gp inhibitor is also recommended.
In vitro preclinical studies have demonstrated that agents such
as ciclosporine or its analogue PSC-833 can block P-gp func-
tion; however, only one trial to date has so far shown that using
such agents has clinical benefit. This may be because P-gp is
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not the only mechanism of chemoresistance. Multidrug resis-
tance protein 1 is anothermember of theABC transporter family
and the gene (MRP1) is located on chromosome 16. Lung resis-
tance protein (LRP) is a subunit of themajor vault protein, which
has been identified in some anthracycline-resistant cell lines and
appears to be involved in drug transport. LRP expression has
been reported in 30–50% of AML cases in different series, but
the majority of studies have been unable to show a correlation
with response. Above-normal MRP expression can be found in
50% of patients with untreated AML, but there is no consensus
about its impact on survival.

Detection of measurable/minimal residual
disease (MRD)

Modern treatments of AML ever more frequently apply the con-
cepts of risk-adapted intensification. An additional, equally cru-
cial, objective is to deliver effective therapies that avoid under-
or over-treatment; achieving this has prompted precise mea-
surements of persisting disease, ormeasurable/minimal residual
disease (MRD), beyond the threshold of light microscopy. A sig-
nificant correlation has been shown betweenMRDquantified by
RT-qPCR or multiparameter flow cytometry (MFC-MRD) and
outcome. Therefore, the assumption behind the assessment of
MRD is that it will add greater definition to risk prediction by the
prognostic factors already recognized. In particular, four major
areas of application to the post-remission decision-making
process have been identified and are being evaluated: (i) assess-
ment of the quality of response to improve risk stratification
and enhance postconsolidation choice (e.g. transplant versus no
transplant); (ii) post-treatment serial monitoring to anticipate
overt relapse and plan pre-emptive therapy; (iii) pre-stem cell
transplant assessment and post-transplant surveillancemonitor-
ing to assess the risk of relapse, inform immunosuppression and
decide the use of donor lymphocyte infusions; and (iv) identifi-
cation of markers to track treatment response in the context of
targeted-therapy approaches.
Because of the relative insensitivity of techniques such as cyto-

genetics and fluorescence in situ hybridization, molecular and
flow cytometry approaches have become the most popular lab-
oratory tests for detecting residual disease. Approximately 60%
of children and younger adults have an informative leukaemia-
specific marker (i.e. fusion gene, NPM1 mutation) amenable to
MRD detection by real-time quantitative PCR (RT-qPCR). This
technology is more robust, generally affords superior sensitivity
and is more readily standardized than the original qualitative
end-point RT-PCR assays that were used in early MRD studies
and which have now been superseded. Before follow-up samples
can be assessed, analysis of diagnostic material is essential to
establish the appropriate assay to use in each patient (due to vari-
ability in chromosomal breakpoints/type of NPM1 mutation).
The level of the leukaemic transcript is routinely normalized to

the level of a housekeeping gene (e.g. Abelson, ABL1) in each
sample. This allows the trend in leukaemic transcripts to be
determined at different time points, while controlling for varia-
tion in sample quality and processing, including RNA extraction
and complementary DNA synthesis. Since these assays depend
upon RNA, which degrades rapidly, to maximize the capacity
forMRD detection, steps should be taken to ensure that samples
reach the laboratory rapidly (ideally within 24 hours). The max-
imal sensitivity that can be achieved is not only influenced by
sample quality, but is also dependent upon the relative expres-
sion of theMRD target as compared to the housekeeping gene in
leukaemic blasts. This varies according to subtype of AML and
between patients, with RT-qPCR assays typically being capable
of detecting 1 AML cell in 104 to 105 normal bone marrow cells.
Analysis of peripheral blood is typically associated with 1-log
poorer sensitivity.
Molecular MRD monitoring has been most extensively stud-

ied in APL, in which assays for the PML-RARA fusion are rel-
atively insensitive (typically 1 in 104). In this subtype of AML,
MRD assessment is included within the standard response cri-
teria, since achievement ofmolecular remission in the bonemar-
row by the end of consolidation is a prerequisite for cure. While
the majority of patients (∼95%) achieve this milestone, approx-
imately 10–25% will ultimately relapse following ATRA and
anthracycline-based protocols. The majority of relapses can be
predicted by re-emergence of PML-RARA transcripts detected
in sequential bonemarrowMRDmonitoring samples, which are
usually performed 3-monthly, taking into account assay sensi-
tivity and kinetics of relapse. Early studies that predated avail-
ability of arsenic trioxide (ATO) suggested a survival advan-
tage for early treatment intervention for molecular (subclinical)
relapse as compared to salvage at frank relapse, due to decreased
risk of bleeding and other complications. However, treatment
protocols for APL have steadily improved, so for patients with
low-risk disease with rapid achievement of molecular remis-
sion there is little benefit in further monitoring. Whereas, cur-
rently, sequential MRD monitoring until 3 years post treatment
is recommended in patients who present with ‘high-risk’ disease
(defined by presenting WBC >10 × 109/l), due to the 25% risk
of relapse.
A number of studies using RT-qPCR have been conducted in

patients with CBF leukaemia and NPM1 mutant AML. These
have consistently shown that patients who have a slow kinetic
of response, as measured by log-reduction in disease tran-
scripts are at significantly increased risk of disease relapse.More-
over, this information provides a more powerful predictor of
outcome, as compared to the mutational profile defined at
diagnosis. On this basis, MRD assessment is increasingly being
used within clinical trials to refine risk stratification and inform
consolidation therapy. In addition, just as in APL, impending
relapse can be predicted in AML with a leukaemic fusion gene
(e.g. RUNX1-RUNX1T1, CBFB-MYH11, DEK-NUP214 etc.)
orNPM1mutation, based upon persistence of a significant level
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of MRD following frontline therapy or by recurrence of PCR
positivity with a rising transcript level after an initial molecular
response. Studies are currently in progress to determine whether
early intervention for molecular relapse is beneficial as com-
pared to treating patients once they are in overt clinical relapse.
Quantification of MRD by flow cytometry may be based on

the identification at diagnosis of leukaemia-associated aberrant
immunophenotypes (LAIPs). These are absent or very infre-
quent in normal bone marrow but, using a large panel of mon-
oclonal antibodies, can be described in at least 85% of AML
cases at diagnosis. These LAIPs include over-expression of an
antigen, coexpression of antigens normally associated with dif-
ferent stages of maturation, but which does not occur in nor-
mal haemopoiesis, the absence of myeloid antigen expression
or the expression of non-myeloid antigens. An alternative strat-
egy for detection of MRD that can be used when no diagnostic
sample is available is a ‘different from normal’ approach, using
a defined panel of antibodies applied to distinguish leukaemic
from normal cells, even in the context of marrow regeneration.
This methodology is less prone to ‘false negative’ results, which
can be encountered on sequential tracking of LAIPs due to phe-
notypic switches that can relate to outgrowth ofminor subclones
giving rise to disease relapse.
The need to test as comprehensive a panel ofmonoclonal anti-

bodies as possible makes flow-cytometry based MRD monitor-
ing a quite expensive technology. However, the major impulse
for using it derives from its applicability to the vast majority of
AML cases, with a sensitivity of 1 in 104 or 1 in 105. Although
the sensitivity generally falls below that of molecular techniques,
improvements are expected as more colours become available.
Since most published data have been based in single laborato-
ries, additional concerns pertain to lack of common standard
operating procedures in order to generate comparable results.
From a clinical point of view, several published studies have
demonstrated that the immunophenotypic detection of MRD,
post induction or post consolidation, is independently associ-
ated with the risk of relapse. There is also evidence that inMRD-
positive patients, the use of allogeneic stem cell transplantation
confers a superior outcome, whereas autologous stem cell trans-
plantation does not alter the unfavourable course dictated by
MRD positivity. MFC-MRD may also be useful to predict out-
come following allogeneic transplant.
The contribution of molecular biology and flow cytometry

to the delivery of MRD-directed therapy in AML may be rel-
evant. In fact, given the broad applicability of flow cytome-
try and the ever rising number of molecular targets identified,
one can expect that virtually every patient with AML will be
suitable for MRD monitoring and then for individualized man-
agement of disease. There is also demand for establishing
whether determination of MRD can enhance current risk-
stratification strategies based on pretreatment parameters. All
these issues can be addressed in the context of large prospec-
tive and cooperative studies including parallel determination

of MRD by RT-qPCR and flow cytometry. Further refinement
may be possible as leukaemic stem cell populations become
better defined, which can be tracked by flow cytometry. With
increasing availability of mutational profiling, suitable molecu-
lar targets can be readily identified. High throughput sequenc-
ing technologies and digital PCRprovide promising platforms to
assess changes in mutational burden. However, optimal applica-
tion of such approaches will require more detailed understand-
ing of which mutations are initiating lesions and best track the
leukaemic clone in order to reliably distinguish which patients
are likely to be cured following frontline therapy from those des-
tined to relapse.

Impact of prognostic factors on treatment
choice

It is becoming routine to take into account the risk of relapse, as
defined by some of the factors described, in order to target treat-
ment. The most obvious example is the growing acceptance that
transplantation is not required for patients with good-risk dis-
ease. Poor-risk patients must be identified promptly and offered
either transplantation or some experimental approach, since
currently available chemotherapy is inadequate. Further data
regarding whether transplantation (sibling or unrelated) sig-
nificantly benefits high-risk patients are needed. Similar infor-
mation is also required about the significance of FLT3 status
and associated genotypes with respect to the impact of trans-
plantation. Children respond very well to intensive chemother-
apy, with the majority enjoying prolonged remissions. Only the
small number of children with high-risk features require first-
line transplantation.
In older patients (>60 years), either patients or doctors make

a judgement at diagnosis as to whether intensive chemother-
apy will be beneficial. Prognostic factors such as cytogenetics
and performance score can inform this choice. Very poor-risk
cytogenetics (e.g. complex changes) carries such a low prospect
of success that the question arises as to whether such patients
should receive intensive treatment, even if considered suffi-
ciently fit.

Acute promyelocytic leukaemia

APL is a special case in which the presence of t(15;17)/PML-
RARA predicts sensitivity to treatment with all-trans
retinoic acid (ATRA) and arsenic trioxide (ATO). It has been
recognized for more than 20 years that this leukaemia subtype
is particularly sensitive to anthracyclines. Recent experience
has clearly demonstrated that the combination of ATRA and
chemotherapy has made a dramatic improvement, with sur-
vival now expected to exceed 80%. Even better prospects are
becoming apparent when the combination of an anthracycline
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(idarubicin) and ATRA form the backbone of treatment. Simple
maintenance with courses of ATRA and orally available agents
such as methotrexate and 6-mercaptopurine has been shown
in some studies to provide additional benefit, but the role of
maintenance, particularly in patients who are molecularly neg-
ative after consolidation (who account for 95% of cases) is now
in doubt. Maintenance is associated with toxicity and there are
concerns that it may contribute to an increased risk of therapy-
related MDS/AML, so is becoming less widely used. Since the
molecular consequences of t(15;17) are known, evaluation of
the role of molecular monitoring is most developed in APL
and provides a model for disease monitoring in AML. It has
recently been demonstrated that in low- and intermediate-risk
patients, the combination of ATRA and arsenic trioxide alone
can produce very impressive survivals of over 95%. This has
been confirmed in a similar UK trial which used less frequent
arsenic dosing and included high risk patients. This has been
confirmed in a similar UK trial which used less frequent
arsenic dosing and included high risk patients. This changes the
landscape of treatment. This approach is feasible in high-risk
patients (defined as those with presenting white counts above
10 × 109/L), particularly if combined with a brief exposure
to gemtuzumab ozogamicin or idarubicin. To date, arsenic
trioxide is not licensed for first-line treatment.
The likelihood is that standard care, at least for the 75% of

low-risk patients, will be the ‘chemotherapy-free’ combination of
arsenic trioxide and ATRA. This will become even more attrac-
tive if an oral formulation of arsenic becomes available.However,
this will be associated with the differentiation syndrome in some
cases. In current standard of care this is not frequent because
the chemotherapy reduces the risk when combined with ATRA.
The syndrome is accurately defined by the presence of: unex-
plained fever, weight gain, respiratory distress, interstitial pul-
monary infiltrates, and pleural or pericardial effusion, with or
without hyperleucocytosis. No single sign or symptom itselfmay
be considered diagnostic of the syndrome. However, the earliest
manifestations of suspected differentiation syndrome (e.g. unex-
plained respiratory distress), and prior to the development of a
fulminant syndrome, treatment with dexamethasone 10 mg i.v.
12-hourly should be initiated and continued until disappearance
of symptoms and signs, and for a minimum of 3 days.

Treatment in the older patient

Improvement in survival in older patients over the last 20
years has been much more elusive. With better supportive care,
intensive chemotherapy can expect to achieve remission in 50–
60% of cases. However, 80% of cases will relapse by 2 years. This
result has been achieved with various combinations of induc-
tion and consolidation schedules and is not improved by main-
tenance to any great extent. There will be a greater interest in
maintenance in future studies. Because the outcome is poor, two

issues arise. First are there prognostic factors that confirmwhich
patients will benefit from an intensive treatment approach? The
data are less convincing than in younger patients, but younger
age (60–70 years), higher performance score and favourable
cytogenetic risk group can identify a minority of patients with
a better than average outcome. However, a significant propor-
tion of patients have adverse factors: older age, poorer perfor-
mance score, complex cytogenetics or a chemoresistant pheno-
type. These patients will have a worse prognosis, which raises
the second issue of whether they should receive palliative care
from the start. One modestly sized study compared a pallia-
tive treatment approach with conventional chemotherapy and
demonstrated that the use of intensive chemotherapy, because it
achieved remission, was more beneficial in older patients; how-
ever, no study has yet been large enough to ask that question
within the risk groups.
One strategy for improvement is to target the function of P-gp.

Only one of several studies using ciclosporine or its analogue has
managed to improve survival in relapsed disease, but other stud-
ies combining it with first-line treatment have been unsuccess-
ful. This may be because P-gp is not the only resistance mech-
anism present in leukaemic cells, and once a cell has become
resistant by one mechanism there are already other resistance
routes. As previouslymentioned, themeta-analysis data examin-
ing the addition of gemtuzumab ozogamicin to induction treat-
ment provides a small, but significant, survival benefit.
There is an important population of older patients who are

not considered fit for a conventional therapy approach. While
most physicians will readily recognize such patients, it is more
difficult to define them based on patient/disease characteristics.
The patients will be older, may have comorbidity, secondary
disease or other adverse features. Short of a randomized com-
parison, which has not been undertaken in the modern era, it is
not possible to be sure that such patients would not be better off
with conventional chemotherapy. In any event, these patients
exist, and previously they would have been offered best support-
ive care. A key randomized trial showed that low-dose Ara-C
(LDAC) given as 20 mg twice a day for 10 days, was superior
to best supportive care, importantly without increased toxicity
or supportive care. This is, however, inadequate treatment and
only appears to benefit the 15–20% of patients who enter CR.
More modern alternatives are demethylation agents (azacitidine
or decitibine). These are less likely to deliver remission, but can
stabilize disease in some patients; however, randomized trials
have not shown statistical survival superiority over the LDAC
schedule as described.

Management of relapse

The majority of patients will relapse. If this happens after stem
cell transplantation, the benefit of further therapy is question-
able. However, this is dependent on when the relapse occurs.
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Within 1 year, further treatment is unlikely to have sustained
benefit and re-transplantation is usually associated with a very
high complication rate. If the relapse occurs later, further
chemotherapy with re-transplantation may save a few patients.
The development of donor lymphocyte infusions (DLI) has been
a very effective approach for the treatment of post-allograft
relapse in chronic myeloid leukaemia (CML), but has a low rate
of success in AML. However, DLI may be more effective if given
in the context of MRD rather than full-blown relapse, as has
already been shown to be the case in CML.
For patientswho relapse after chemotherapy, three factors dic-

tate the clinical outcome: duration of first remission, age and
molecular/cytogenetic risk group. Patients with good-risk dis-
ease have a high (75–80%) rate of second remission. Patients
who are young with a long CR1 will have a reasonable sur-
vival, whereas older patients with a short CR1 will do poorly
(Table 20.6). Since the second remission rate in good-risk dis-
ease defined by cytogenetics is relatively good, transplantation
is usually delayed until second remission. There is no clear ‘best
choice’ chemotherapy for other risk groups, so this is often the
setting for experimental therapy development.
APL is again a special case. In patients with suspected relapse

of APL it is important to confirm PML-RARA positivity, to
exclude the possibility of therapy-related MDS/AML and to
identify patients likely to benefit frommolecularly targeted ther-
apy. Patients can respond again to retinoic acid and chemother-
apy, but recently arsenic trioxide and the CD33-directed
immunoconjugate gemtuzumab ozogamicin have been found
to be effective. Remission rates above 80% have been reported;
interestingly, following consolidation therapy, a similar propor-
tion can be returned to RT-qPCR negativity. This permits the
opportunity for autologous transplantation, the successful out-
come of which depends on the graft and, preferably, the patient
being molecularly negative. For patients who remain molec-
ularly positive following salvage, allogeneic transplantation

Table 20.6 Outcome of relapse in patients over 60 years receiving
re-induction treatment (N = 1529).

CR1 duration (months)

<6 6–12 >12

Remission rate
15–59 years (%) 15 33 56
60–69 years (%) 11 29 67
>70 years (%) 13 26 53

Survival from relapse at 2 years
<35 years (%) 10 16 41
35–60 years (%) 7 14 27
60+ years (%) 4 8 16

is indicated. Arsenic trioxide is now the standard first-line sal-
vage approach in PML-RARA+ APL; indeed some relapsed
patients can be curedwithATRA+ATOprotocols, raising ques-
tions as to whether consolidation with an autograft is necessary
in all patients who go back into molecular remission.
For non-APL patients, whatever treatment is used to re-

establish remission, it is unlikely to be durable without a trans-
plant. Although prospective studies are rare, transplant registry
data suggest that about 30% of patients can be salvaged with
a transplant with little overall difference whether the source of
stem cells is allogeneic or autologous.

Future developments

Classification

The classification of this diseasewill no doubt continue the trend
of taking into account molecular, genetic and clinical features,
as well as morphology. Gene expression-based diagnostics are
now available to distinguish prognostically relevant molecular
subtypes of AML.Moreover, advances in sequencing technology
(see Chapter 19) provide increasing opportunity for mutational
profiling of large panels of genes to improve disease categoriza-
tion and inform patient management. The bioinformatics chal-
lenges are considerable given the enormous amount of informa-
tion that these methods produce.

Therapeutics

There is general acceptance that little further progress will be
made by simply shuffling currently available drugs with respect
to either scheduling or dosage. There may still need to be refine-
ments with respect to toxicity. There is much interest in tar-
geting treatment, either by matching the treatment approach
to the patient, based on prognostic factors, or by immunologi-
cally directing treatment to leukaemic cells and thereby enhanc-
ing the selectivity of treatment. Gemtuzumab ozogamicin is an
immunotoxin that is being extensively explored in this respect.
This is an immunoconjugate combining an IgG4 anti-CD33
humanized monoclonal antibody with the highly potent anti-
tumour antibiotic calicheamicin. The key to its utility is that
when the antibody combines with CD33 antigen, the complex
is rapidly internalized to the cell, where the chemical linker
between drug and antibody is lysed. A crucial property is that
the linker is lysed only intracellularly and not in the circula-
tion. Although expressed in 90% of cases of AML, CD33 is not
leukaemia specific. There is expression on haemopoietic precur-
sors, but not on stem cells or, as far as is known, other tissues. The
conjugate is clearly active. As a single agent, it can achieve CR in
relapse or as first-line treatment in older patients. Pancytopenia
is not avoided and transient hepatotoxicity will be seen in some
patients. It does not result in the alopecia or mucositis usually
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associated with chemotherapy. Its use in AML is under investi-
gation in a number of areas, for example in induction in older
patients before chemotherapy, for induction in patients unfit for
chemotherapy; as maintenance of remission; as first-line and
relapse treatment in APL, as part of transplant conditioning and
in simultaneous combination with conventional chemotherapy.
All these approaches are still experimental.
Allogeneic transplantation has proved over the years to be

a highly effective immunological approach. However, as previ-
ously pointed out, the overall survival advantage is not always
clear. Part of the reason is that because it is only safely appli-
cable to younger patients, it is competing with the group of
patients with the most favourable responses to chemotherapy.
Non-intensive transplants have demonstrated that it is feasi-
ble to achieve full chimeric status, i.e. 100% donor cells in the
bone marrow, without using intensive chemoradiotherapy. This
can be done safely in older patients, but there remain concerns
about the balance between avoiding relapse on the one hand and
GVHDon the other. This could represent a consolidation option
for older patients for whom conventional chemotherapy is less
successful and where there is an antileukaemic effect of standard
allograft. The approach presumes that there will be a significant
GVL effect operating in AML. There are only preliminary data
on this approach inAML,which is still experimental; assessment
in a prospective clinical trial is required.
Many small molecules, particularly tyrosine kinase inhibitors,

are becoming available for cancer treatment. So far none has
matched the impact of imatinib in CML. The recognition that
FLT3 is commonly mutated in AML has led to the discovery
of several powerful, but not specific, inhibitors of the receptor
tyrosine kinase. Preclinicalmodels provide considerable encour-
agement for efficacy. Initial clinical studies show a response in
about 50%of patients with relapsed disease, with only occasional
CRs; the duration of any responses tended to be short. Because
of lack of specificity, it is likely that these agents will need to
be used in combination with each other, or with chemother-
apy. Inhibitors of RAS pathway molecules have also undergone
preliminary assessments. Some responses have been seen, but
it is also clear that the agents tested are not specific. Clinical
trials are in progress with a range of inhibitors of relevance
to MLL-rearranged leukaemias, targeting bromodomain and
extra-terminal (BET), hDOT1L and CDK6. In addition, trials
are underway with inhibitors of mutant isocitrate dehydroge-
nase 1 and 2 (IDH1, IDH2, collectivelymutated in 15%ofAML),
which are showing promising early results.
Newer, more conventional agents (e.g. clofarabine, vosaroxin,

sapacitibine, cladribine and demethylation agents) hold promise
from non-randomized trials, but none has been successful in

randomized trials. Since many new treatments will be available,
novel approaches to clinical trial design will need to develop to
make more rapid progress. Much greater international collab-
oration is needed to provide sufficient numbers of the patient
subgroups, or different statistical methods will be required.
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Introduction

Acute lymphoblastic leukaemia (ALL) is an aggressive malig-
nancy of T or B lymphocytes. The onset of ALL is usually
rapid, with patients presenting with signs and symptoms of bone
marrow failure. Occasionally patients will present with primary
involvement of nodal or extranodal sites, withminimal evidence
of bone marrow involvement. In these cases the diagnosis is one
of lymphoblastic lymphoma (LL). The distinction between ALL
and LL is arbitrary. If a patient presents with a mass lesion and
less than 25% blasts in the marrow then the diagnosis is one of
LL. Where marrow blasts total more than 25% the diagnosis is
of leukaemia.
ALL is primarily a disease of childhood, with 75% of cases

occurring in children under the age of 10 years at diagnosis.
However, although ALL is rare in adults, there is an increasing
incidence with age after the age of 40 years. The aetiology of ALL
is currently unknown.
A new presentation of ALL is a clinical emergency and should

be diagnosed and treated without delay. Most patients present
with a combination of symptoms resulting from bone marrow
failure, including fatigue and weakness due to anaemia, haem-
orrhagic complications of thrombocytopenia and/or signs and
symptoms of recurrent infection due to neutropenia. Approxi-
mately 10% of patients will have obvious signs of organ involve-
ment at diagnosis with splenomegaly, liver impairment, lym-
phadenopathy, testicular swelling or meningeal syndrome with
neurological symptoms. Patients with T-cell disease may have
large mediastinal masses and can present with features of supe-
rior vena cava obstruction.

Diagnosis of adult ALL

Morphology

In adults the blood count will usually be very abnormal, with
features of bone marrow infiltration. There is frequently a nor-
mochromic normocytic anaemia. The white cell count may be
increased (59% of cases), normal (14%) or decreased (27%), and
there is usually a thrombocytopenia, with one-third of patients
having a platelet count of less than 25 × 109/L at diagnosis.
Examination of a blood film reveals circulating lymphoblasts in
over 90%of cases. Approximately 15%of patientswill have a very
elevated white cell count above 100 × 109/L and very occasion-
ally the white cell count can be over 500 × 109/L. It is commoner
to see very high white cell counts in T-cell disease rather than
B-cell disease.Most adults will be anaemic at diagnosis, although
severe anaemia < 80 g/L is unusual.
A bone marrow aspiration is mandatory for the diagnosis of

ALL. The bonemarrowwill be hypercellular with amarked infil-
tration of leukaemic blasts, which amount to over 25% of total
nucleated cells. The majority of cases will have more than 50%
infiltration by leukaemic blasts. In some cases the marrow may
be difficult to aspirate due to increased reticulin and a trephine
biopsy should be performed. Blastic transformation of chronic
myeloid leukaemia should be ruled out by morphologic exami-
nation where possible (presence of basophilia, prominent gran-
ulocyte component and dwarf megakaryocytes in the bonemar-
row). However, the distinction between de novo Ph+ ALL and
CML in lymphoid blast phase by morphology can be very chal-
lenging. Molecular studies may be helpful, i.e. the presence of
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the p190 BCR-ABL1 transcript strongly suggests de novo ALL,
although the finding of the p210 BCR-ABL1 transcript is less
helpful as it can occur in both scenarios.
Lymphoblasts in both B-cell and T-cell ALL vary from small

blasts with scant cytoplasm, condensed nuclear chromatin and
indistinct nucleoli to larger cells with moderate amounts of
light blue to blue-grey cytoplasm, occasionally vacuolated, dis-
persed nuclear chromatin and multiple variably prominent
nucleoli. Historically, the FAB classification was used to clas-
sify ALL blasts based on morphological appearances and size
of blasts. This classification was of no relevance prognostically
and included mature B-cell disease (Burkitt lymphoma), which
has now been removed from classifications of ALL. Burkitt lym-
phoma in leukaemic phase can clearly be defined by its different
immunophenotype (see below) and is now treated on different
protocols to ALL.
The current World Health Organisation (WHO) classifica-

tion, shown in Table 21.1, defines ALL and acute lymphoblastic
lymphoma together, grouped by their cell of origin, i.e. B cell or
T cell. B-cell disease is then further subclassified, based on the
presence of recurrent cytogenetic abnormalities that are known
to have prognostic value clinically (Table 21.1).

Cell-surface marker analysis

In diagnosing ALL, the bonemarrow – or peripheral blood if the
count is high – should be examined using a panel of monoclonal
antibodies to T-cell-associated and B-cell-associated antigens,
which will identify most cases of ALL. Aberrant expression of
myeloid antigens is not uncommon and should not detract from
the correct diagnosis. Both B-cell andT-cell ALL are divided into
subtypes based on the pattern of cell-surface markers present

Table 21.1 WHO classification of ALL.

B-lymphoblastic leukaemia/lymphoma
B-lymphoblastic leukaemia/lymphoma NOS
∙ B-lymphoblastic leukaemia/lymphoma with recurrent

genetic abnormalities
∙ B-lymphoblastic leukaemia/lymphoma with t(9;22)(q34;

q11.2); BCR–ABL1
∙ B-lymphoblastic leukaemia/lymphoma with

t(v;11q23);MLL re-arranged
∙ B- lymphoblastic leukaemia/lymphoma with t(12;21)

(p13;q22) TEL–AML1 (ETV6–RUNX1)
∙ B-lymphoblastic leukaemia/lymphoma with hyperdiploidy
∙ B-lymphoblastic leukaemia/lymphoma with hypodiploidy
∙ B-lymphoblastic leukaemia/lymphoma with t(5;14)(q31;

q32) IL3–IGH
∙ B-lymphoblastic leukaemia/lymphoma with t(1;19)(q23;

p13.3); TCF3–PBX1
T-lymphoblastic leukaemia/lymphoma

on the leukaemic blast cells. These subtypes are defined accord-
ing to their stage of differentiation, although aberrant or asyn-
chronous antigen expression is common. The European Group
for the Immunological Characterization of Acute Leukaemia
(EGIL) has defined a unified classification forALL based only on
phenotypes. The World Health Organisation (WHO) also clas-
sifies ALL according to genetic entity – see Cytogenetics below.

B-lineage ALL

The vast majority of cases of B-ALL express HLA-DR, termi-
nal deoxynucleotidyltransferase (TdT) andCD19. CD79a, CD22
and CD34 are frequently – but not always – expressed and levels
can vary. B-ALL accounts for approximately 75% of adult cases
of ALL and is subdivided into the following groups:
� Pro-B-ALL represents approximately 10%of adult ALL;CD10
is negative, as is cytoplasmic immunoglobulin.
� Common ALL (c-ALL) is the major immunological subtype
in adult ALL, comprising more than 50% of all cases; c-ALL is
characterized by the presence of CD10 and absence of cytoplas-
mic immunoglobulin.
� Pre-B-ALL is characterized by the expression of cytoplasmic
immunoglobulin, which is absent in c-ALL, but is identical to
c-ALL with respect to the expression of all other cell markers.
� Mature B-cell ALL is found in approximately 4% of adult
ALL patients and is now classified as Burkitt lymphoma rather
than ALL. The blast cells are negative for TdT and express sur-
face antigens of mature B cells, including surface membrane
immunoglobulin.

T-lineage ALL

T-cell ALL accounts for approximately 25% of adult ALL. Cells
are TdT+, in addition to cytoplasmic CD3+ and CD34+. All
cases express the T-cell antigen gp40 (CD7) and they may,
according to their degree of T-cell differentiation, express other
T-cell antigens, for example the E rosette receptor (CD2) or the
cortical thymocyte antigen T6 (CD1). A minority of T-cell ALL
blast cells express CD10 together with T-cell antigens. In most
cases of T-cell ALL, one or more of the T-cell receptor (TCR)
genes are re-arranged. These properties make it possible to clas-
sify T-cell ALL according to their stage of intrathymic differen-
tiation:
� Early T-precursor ALL accounts for 6% of adult ALL and is
associated with inferior outcomes compared to other types of
T-cell ALL; it shows characteristic T-cell markers (cyCD3 and
CD7), but no further differentiation markers.
� Thymic (cortical) T-ALL is the most frequent subtype of T-
ALL (10% of ALL). It is characterized by the expression of CD1a;
surfaceCD3may be present. Since this subtype is associatedwith
a better prognosis, its identification is of particular importance.
� Mature T-ALL has a frequency of 6%; the blast cells do not
express CD1a, but they are positive for surface CD3.
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Cytogenetics

As with AML, cytogenetic abnormalities in ALL are indepen-
dent prognostic variables and have now been incorporated into
the classification of B-cell ALL by the WHO. Cytogenetic anal-
ysis is a mandatory part of the clinical diagnosis of ALL and
should include both examination of metaphases and fluores-
cence in situ hybridization (FISH) with specific probes, e.g. for
BCR-ABL1 and MLL-AF4. Screening by reverse transcriptase
polymerase chain reaction (RT-PCR) for the potential BCR-
ABL1 transcripts, p190 and p210, should also be performed.
Studies report detection of clonal cytogenetic abnormalities in
up to 85% of cases of adult ALL.
Up to 70% of children between 1 and 10 years presenting

with ALL will have good-risk cytogenetics with the presence of
either hyperdiploidy (between 51 and 65 chromosomes) or the
translocation t (12;21)(p12;q22), resulting in the fusion product
TEL-AML1 (seeChapter 23). ‘Good-risk’ cytogenetic abnormal-
ities are rare in adult ALL and decrease with increasing age.
However, when good-risk aberrations are detected at diagnosis
in adults they carry the same prognostic value as they do in chil-
dren. Conversely, the incidence of poor-risk cytogenetics, such
as hypodiploidy and Philadelphia-positive ALL generally rises
with age, although there appears to be a plateau in incidence
above the age of 50 years.
The poor prognostic impact of the finding of a t(9;22), the

Philadelphia chromosome (Ph+ ALL) – approximately 25% of
adults ALL – has long been recognized. The Philadelphia chro-
mosome t(9;22)(q34;q11), results from a translocation involv-
ing the BCR gene on chromosome 22 and the ABL1 gene on
chromosome 9. One-third of adult patients with Ph+ ALL will
have the M-BCR re-arrangement (resulting in a 210-kDa pro-
tein), as seen in chronic myeloid leukaemia, detectable by PCR.
The remaining two-thirds will have the m-BCR re-arrangement
(resulting in a 190-kDa protein). Patients with Ph+ ALL were –
in the past – less likely to enter complete remission (CR)with CR
rates of 70–80% such patients had an overall survival of 15–20%.

ALL treatment protocols have typically assigned patients with
Ph+ALL to ‘very high-risk’ protocols and amyeloablative trans-
plant has typically been offered, even when sibling donors have
not been available.
The translocation t(4;11)(q21;q23), involving the MLL gene

on chromosome 11q23, has also been recognized as carrying a
poor prognosis in adult ALL. In an analysis of data from 1522
adult patients participating in the UKALLXII/ECOG2993 study,
the following four groups of patients with distinct karyotypes
were shown to havemarkedly inferior rates of event free survival
and overall survival when compared to thewhole cohort: t(9;22),
t(4;11), complex karyotype (defined as five or more chromoso-
mal abnormalities) and lowhypodiploidy/near triploidy. Among
patients with Ph-negative ALL, the prognostic relevance of these
abnormalities was independent of other previously known poor
prognostic factors, such as age and presenting white cell count.
This was the first demonstration that cytogenetic subgroups
other than Ph chromosome can be used for risk stratification
of adults with ALL.
New cytogenetic groups are continuing to be defined in both

B-cell and T-cell disease, although their clinical relevance needs
to be exploredwithin the context of large clinical trials. It is likely
that further risk stratifications based on cytogenetic abnormal-
ities at diagnosis will be part of routine clinical practice within
the next 5–10 years.

Minimal residual disease (MRD)

Morphological detection of remission post treatment has very
limited sensitivity of 1–5% and a patient in a morphological
complete remission may still bear a considerable disease bur-
den. It is now possible to quantitate treatment response very
accurately and reproducibly, to the level of 1 leukaemic cell in
10,000 using various methods, as shown in Table 21.2. The most
standardized method identifies patient-specific immunoglobu-
lin heavy chain and T-cell receptor gene rearrangements, which

Table 21.2 Comparison of MRD assays in ALL.

Method Applicability

Sensitivity of
leukaemia cell
detection

Specimens
needed

Flow cytometry Approx. 95% 1 in 104 Fresh cells
RQ-PCR for Ig/TCR
re-arrangements

Approx. 90% 1 in 105 DNA

RQ-PCR for fusion gene transcripts
such as BCR-ABL1

Depends on frequency of
abnormality;
BCR–ABL1 is 20–25%

1 in 105 RNA

High throughput sequencing to
quantify Ig/TCR re-arrangements

Approx. 90% 1 in 105−6 DNA

373



Postgraduate Haematology

can then be quantified by real-time polymerase chain reaction
(PCR) in a patient specific-assay with a sensitivity of 10−5 (1 in
100,000 cells). Flow cytometry can also be used to determine a
disease-associated immunophenotype at diagnosis, which can
also form the basis of an MRD assay. A diagnostic sample is
required in both cases.Where there is a knownmolecular abnor-
mality such as BCR-ABL1, this can also be quantified, using a
housekeeping gene as a reference standard for PCR, to deter-
mine the level of residual ALL with similar sensitivity. Both
molecular and flow cytometry techniques for quantification of
MRD are labour intensive when performed properly and should
be carried out in reference laboratories, according to standard-
ized protocols. Studies in both childhood and adult ALL have
shown a significant correlation between MRD levels and subse-
quent relapse risk (see Chapter 23). However, it should be noted
that interpretation ofMRDresults is always protocol-dependent.
It is not yet known whether high-risk interventions such as stem
cell transplant can overcome the poor prognostic significance of
residual MRD, and this question is the current focus of several
ongoing large Phase III clinical trials.
It is also possible to useMRD analysis tomonitor the progress

of patients in remission in order to detect impending relapse –
the time-windowbetweenmolecular andhaematological relapse
is on the order of a fewmonths, possibly yielding an opportunity
for early intervention. However, the clinical potential of treat-
ment prior to haematological relapse is not yet clear. Table 20.2
shows a comparison of different methods for detection of MRD
with advantages and disadvantages.

Prognostic and predictive factors in ALL

A prognostic factor is a clinical or genetic characteristic that
is objectively measurable and that provides information on the
likely outcome of the ALL in an untreated person. A predic-
tive factor is a clinical or genetic characteristic that provides
information on the likely benefit from treatment. Consequently,
prognostic factors define the effects of pre-existing patient or
leukaemia characteristics on outcome, whereas predictive fac-
tors are used to define the effect of treatment.
A number of clinical and genetic factors have been clearly

identified as poor prognostic factors in ALL; advancing age,
higher presenting white cell count at diagnosis, presence of CNS
disease, certain cytogenetic abnormalities, specific immunophe-
notypes and specific genetic abnormalities such as IKZF1
(Ikaros gene) deletions. Prognostic factors are summarized in
Table 21.3. Response to initial therapy, early steroid response and
quantification of minimal residual disease at protocol-defined
time points are validated predictive factors. Most current treat-
ment strategies and trials take some or all of these factors into
account in defining a risk status in ALL. There is no universally
accepted algorithm by which risk status is measured in all cases.
Additionally, whilst there is sometimes a relationship between
these poor risk factors (for example, patients with T-ALL often
have very high presenting white cell counts and CNS disease),
the poor outcome portended by initial presence of a poor prog-
nostic factors can be superseded by a good treatment response,

Table 21.3 Factors commonly used to predict outcome or stratify therapy.

Factor Poor risk Neutral or good risk

Presenting WCC 30 × 109/l B ALL
>100 × 109/l T-ALL

Low presenting WCC

Age Worse outcome with advancing age Younger age
Immunophenotype T-cell phenotype better outcome than B-cell

phenotype
Early T precursor ALL (ETP)
Expression of CD20 worse outcome (some
studies)

Expression of myeloid antigens generally
not associated with worse outcome

Cytogenetics t(9;22) (BCR-ABL1)
t(4;11) (MLL/AF4)
Complex karyotype (five or more chromosomal
abnormalities)

Low hypodiploidy/near triploidy

t(12;21) (ETV6/RUNX1)
Hyperdiploidy

Specific genetic
abnormalities

IKZF1 deletions, particularly in
Ph+ ALL

NOTCH1 and FBXW7 mutations in
T-ALL

Early response to steroid Poor initial response to steroid therapy
MRD Positive signal at protocol-relevant time point Negative signal at protocol-relevant time

point
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as documented by having a negative MRD status after induc-
tion. Hence, how we vary our therapeutic strategy in response
to prognostic and predictive factors will change as studies iden-
tify newmarkers and define their inter-relationships. Figure 21.1
(kindly provided byAnthonyMoorman andChristineHarrison,
Leukaemia Research Cytogenetics Group, Northern Institute for
Cancer Research, Newcastle University, UK) is based on an anal-
ysis of adults entered into UK trials of ALL. It shows the genetic
heterogeneity of adult ALL, detailing some of the relationships
between risk groups and further, their relationships with out-
come. Table 21.3 highlights some of the factors that are currently
taken into account internationally whenmaking decisions about
prognosis and approach to treatment.

Initial approach to a patient with ALL

Clinical presentation

The majority of adult patients with ALL will present with clini-
cal symptoms of bone marrow failure. The history is often very
short, i.e. a few weeks and patients frequently report a very rapid
progression of their symptoms. The commonest symptoms that
cause the patient to seek medical advice are recurrent infec-
tion or petechiae or other haemorrhagic problems. Weakness
and fatigue due to anaemia are also common presenting fea-
tures. Approximately half of all patients will have findings of
lymphadenopathy, splenomegaly and/or hepatomegaly at pre-
sentation. According to data from two large German trials, 14%
of patients will have a mediastinal mass at presentation and the
majority of these (85%) will subsequently be shown to have
T-cell disease. Examination of the cerebral spinal fluid (CSF) at
diagnosis reveals leukaemic blasts in 7% of patients, although
only 4% have central nervous system (CNS) symptoms such as
headache, vomiting, lethargy and cranial or peripheral nerve
dysfunction.
Almost any organ can be infiltrated by leukaemic blasts at

diagnosis and approximately 10% of patients will have demon-
strable involvement clinically. Pleural effusions are most com-
mon and tend to occur in association with mediastinal masses
in T-cell disease. Bone pain at presentation is rare in adults com-
pared to children, with bone lesions being demonstrated in 1%
of adult patients. Involvement of the testes is very rare (<1%) in
adult male patients. Leukaemic infiltration of other organs such
as lung, kidney and skin is rarely observed and tends to be asso-
ciated with poorer outcomes.

Diagnostic approach

A new diagnosis of ALL is a medical emergency and should
be investigated and treated without delay. All patients require
a detailed history to be taken alongside a thorough medical
examination. The admitting clinician needs to pay particular

attention to signs and symptoms of pre-existing infection,
including fungal infection. Patients should be asked specifically
about the presence of symptoms of sinusitis and haemoptysis. A
careful neurological examination is also mandatory.
Investigations at diagnosis must include a full blood count,

blood film examination and bone marrow (see also Chapters 19
and 20). Urgent biochemical testing, including analysis of urate
levels, calcium, renal function, liver function and lactate dehy-
drogenase (LDH) are required. Coagulation abnormalities in the
absence of liver failure due to leukaemic infiltration are rare, but
a coagulation screen should also be performed.
Many modern protocols include the use of monoclonal anti-

bodies such as rituximab in induction. Testing of hepatitis B and
C serology prior to the start of therapy is mandatory if rituximab
is to be used. It is also good practice to check the HIV status of
a patient before starting induction chemotherapy.
A lumbar puncture should be performed in patients at diag-

nosis, if there is clinical evidence of CNS involvement with
leukaemia, to assess whether or not there is leukaemic infiltra-
tion of the CSF. Ideally the CSF should be examined by flow
cytometry. If there is no clinical suspicion of CNS involvement
then many protocols start systemic chemotherapy to lower the
disease burden before the first lumbar puncture is performed
to reduce the risk of introducing disease into the CSF. Intrathe-
cal methotrexate should always be given at the first lumbar
puncture.
A chest X-ray (CXR) is mandatory for all newly diagnosed

patients withALL, but computerised tomography (CT) scans are
not routinely required. However, where there is clinical evidence
of lymphadenopathy,mediastinal widening or organ infiltration,
a CT scan should be performed.

Supportive care (see also Chapter 23)

Before starting treatment, patients should be well hydrated and
receive appropriate medication to prevent urate nephropathy.
ALL can be exquisitely sensitive to small amounts of treat-
ment, even in the steroid prephase, and tumour lysis syn-
drome is not uncommon. Allopurinol should be started 24
hours before induction therapy with steroids or chemother-
apy and should be continued for a minimum of 5 days. Ras-
buricase should be considered as an alternative to allopuri-
nol if the white cell count is high (> 100 × 109/L), if there is
bulky nodal or extranodal disease or if the patient already has
impaired renal function. It should be noted that rasburicase can
cause haemolytic anaemia in patients with glucose-6-phosphate
dehyrogenase deficiency (G6PD). Consideration should be
given to G6PD testing in patients prior to commencing
rasburicase.
Due to the combination of myelosuppressive chemother-

apy drugs and steroids that patients with ALL receive, they
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Figure 21.1 Genetic and outcome heterogeneity within adult ALL.
(a) Distribution of 1014 UKALLXII/UKALL14 patients (25–60
years) according to primary genetic subtype. (b) Correlation of
eight key secondary copy number alterations with the main
primary genetic subtype in 257 adults (25–60 years). (c) Outcome
of 1065 UKALLXII/ECOG2993 adults (25–60 years) by genetic
subgroup. The high-risk group comprises those abnormalities
which are now used to direct high-risk treatment on UKALL14:
t(4;11), HoTr, complex. The poor-risk group comprises those
aberrations which have recently been identified as being associated
with a poor outcome, but are not currently used to direct
treatment: IKZF1 deletions, CRLF2 re-arrangements and IGH
translocations. The B-other group comprises all cases with
successful cytogenetics but that do not harbour an established
abnormality. NB: Patients with rarer subtypes e.g. t(12;21), HeH,
t(1;19) have been excluded for clarity. (d) Disease-free survival of

t(9;22)-negative B-cell precursor UKALLXII patients according to
Ig/TCR-based MRD levels post first induction. HeH, High
hyperdiploidy (51–65 chromosomes), t(12;21),
t(12;21)(p13;q21)/ETV6-RUNX1; HoTr, Low
hypodiploidy/near-triploidy (30–39/60–78 chromosomes; complex
karyotype (five or more unrelated aberrations in the absence of
another primary abnormality), t(4;11),
t(4;11)(q21;q23)/MLL-AF4; t(9;22), t(9;22)(q34;q11)/BCR-ABL1;
IGH trans, translocations involving the IGH/14q32 locus; Other
MLL, translocations involvingMLL except t(4;11); iAMP21,
intrachromosomal amplification of chromosome 21, t(1;19),
t(1;19)(q23;p13)/TCF3-PBX1. (Source: Anthony Moorman and
Christine Harrison, Leukaemia Research Cytogenetics Group,
Northern Institute for Cancer Research, Newcastle University, UK.
Reproduced with permission.)
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are at high risk of infectious complications from treatment,
particularly during the induction phase of therapy. Adher-
ence to strict anti-infective strategies is important. All patients
should receive prophylaxis against herpes simplex virus and
varicella zoster re-activation with aciclovir or an equivalent
treatment. Patients also require prophylaxis against Pneumo-
cystis jirovecii from the start of therapy. The recommended
prophylaxis is cotrimoxazole. It should be noted that allergy
to cotrimoxazole is not uncommon and alternative agents
such as nebulized pentamidine or dapsone should be used for
these patients.
Antifungal prophylaxis is strongly recommended for all

patients on ALL therapy from induction until the start of
maintenance. Azoles should be avoided when a patient is
concurrently receiving vincristine due to the high risk of poten-
tiation of the toxicity of vincristine, particularly neurotoxic-
ity. There is no clear evidence currently about which antifun-
gal prophylaxis regimen should be followed and local policies
should apply.
The use of granulocyte-colony stimulating factor (G-CSF),

given in parallel with induction chemotherapy, has been shown
to reduce the incidence and severity of infections during the
first 4 weeks of therapy. Its use has been associated with reduced
induction mortality due to infection in several studies. Conse-
quently the addition of G-CSF in induction is also strongly rec-
ommended for all adult patients on ALL therapy.
A checklist of procedures required prior to commencing

antileukaemia therapy in a patient with newly diagnosed ALL is
given in Table 21.4. General aspects of supportive care in haema-
tology are also discussed in Chapter 23.

Specific treatment of ALL

The standard treatment for adult ALL has so far not been
defined. It is strongly recommended that, where available, all
patients with newly diagnosed ALL are offered treatment within
the context of a large Phase III clinical trial. Many countries
have well-organized study groups, which focus on develop-
ing, running and analysing data from clinical trials. Increas-
ingly, there is stronger, regular communication with practical
collaborations between clinicians and scientists to use patient
specimens coupled to clinical outcome data to ask questions
about the genetics of ALL, using, for example, next-generation
sequencing approaches. Treatments have beendeveloped on reg-
imens that have evolved over time, with the gradual introduc-
tion of novel agents and new approaches, such that current
interventions are now based on a strong literature with clinical
and scientific contributions from numerous large international
clinical trials.
The aim of initial treatment is to achieve complete remission

(CR), which is currently defined on a morphological basis of

less than 5% blasts in the bone marrow in the presence of over-
all haematological recovery (neutrophils > 1.0 × 109/L, platelets
> 100 × 109/L).
Corticosteroids are among the most important drugs in the

treatment of ALL. Recent paediatric trials have shown improved
outcomes when dexamethasone is used as opposed to pred-
nisolone. Dexamethasone does have better antileukaemic activ-
ity than prednisolone in vitro; it has better penetration of the
CNS and causes fewer thromboembolic events. Although there
are less data in adult ALL showing a survival advantage with
dexamethasone compared to prednisolone, many adult regi-
mens now have dexamethasone as the preferred corticosteroid
of choice in induction. A generalized schema for treatment is
shown in Figure 21.2.

Prephase

A steroid prephase for 5–7 days prior to commencing
chemotherapy can be very beneficial in the treatment of
ALL. Patients will often have a good partial response to steroids.
A prephase is particularly useful when a patient has a poor
performance status due to burden of disease. Early steroids
can reduce disease burden and improve performance status
allowing the patient to be in a better position to receive induc-
tion chemotherapy. Steroids are also very useful when there
is liver infiltration with ALL and vincristine and anthracy-
clines cannot be administered as planned due to high levels
of serum bilirubin. There are rare situations where a steroid
prephase is not recommended, due to the need for emergency
anthracycline-based chemotherapy, such as superior vena cava
obstruction due to a large mediastinal mass. The risk of tumour
lysis is always high in these situations and rasburicase should be
given prior to chemotherapy.

Induction therapy

The primary goal of induction therapy is complete eradication
of ALL cells from the blood, bone marrow, CNS and other
extramedullary sites when initially involved. Ideally, CR should
be achieved as early as possible with minimal toxicity. Nonethe-
less, toxicity is often high, especially by contrast to that seen
when treating children and many adult patients are hospital-
ized for weeks to months. There is no universally agreed induc-
tion protocol, but most adult treatment regimens are broadly
similar in the drug dosing and scheduling. Many protocols use
two phases of induction, with the second part being applied
regardless of the initial response. Induction regimens in adult
ALL are composed of steroid, vincristine, anthracycline (usually
daunorubicin or doxorubicin) and L-asparaginase. Cyclophos-
phamide and cytarabine may also be included, usually in part 2.
With modern protocols, CR rates following induction therapy
are high with over 90% of unselected adult patients with ALL
achieving an initial good response to treatment.
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Table 21.4 Suggested checklist for the initial assessment of an adult patient with ALL.

Procedure
Mandatory (M)/
Recommended (R)

Clinical assessment:
� Full history
� Clinical examination of the CNS
� Height, weight and body surface area
� Assessment of performance status

M
M
M
R

Investigations
� Full blood count and film
� Coagulation screen
� Biochemical profile, LDH and urate levels
� Blood cultures if patient is febrile
� G-6-PD status if rasburicase to be used
� Pregnancy test for women of childbearing age
� HIV testing
� Hepatitis B and C serology if monoclonal antibody therapy, e.g. rituximab, is part of the
planned therapeutic regimen
� Bone marrow aspirate:
◦ Morphology
◦ Flow cytometry

� Cytogenetics (G-banding and FISH analysis)
� Molecular diagnostics
� Evaluation for MRDmarker
� Lumbar puncture if evidence of CNS involvement
� Examination of CSF for blasts by cytospin
� Flow cytometry of CSF
� CXR
� CT of neck, thorax, abdomen and pelvis if evidence of nodal/ extramedullary disease
� CT head if clinical evidence of CNS/ophthalmic disease
� Tissue typing of patient and siblings (unless a young adult being treated on a paediatric
protocol)

M
M
M
M
R
M
R
M

M
M
M
M
M
M
M
M
R
M
R
M

R

Pretreatment
� Gain IV access. Avoid central line in phase I induction if possible
� Adequate hydration. Use IV fluids if WCC is high or significant extramedullary disease
� IV antibiotics if patient is febrile
� Prevention of urate nephropathy with allopurinol or rasburicase
� Infection prophylaxis against:
◦ Pneumocystis jrovecii
◦ Varicella zoster
◦ Fungi

� Growth factor support during induction
� Thromboprophylaxis if platelets > 50 × 109/L

R
M
M
M

M
M
R
R
R

Treatment
� Steroid prephase for 5–7 days
� Consider entry into clinical trial if available

R
R
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Pre-phase Induction Intensification Consolidation Maintenance

Initial assessment of remission status and depth of response by MRD 

Oral steroids for 5–7 
days

One or two courses
Intensive chemotherapy
Steroid
Asparaginase
Anthracycline
Cytarabine
Cyclophosphamide
Intrathecal methotrexate

High dose IV methotrexate
to cross blood–brain barrier

Four or more courses
Combination chemotherapy
Similar drugs to induction

2 years outpatient therapy
6 mercaptopurine 
Oral methotrexate 
Pulses of vincristine and oral steroid
3 monthly intrathecal methotrexate

Allows time for:
Fertility preservation in males
Assessment of  need for targeted therapies (Ph+ ALL)
Reduction of very high tumour burdens to normalize organ function deranged by ALL prior to cytotoxic therapy

Figure 21.2 A generalized schema for treatment of adult acute lymphoblastic leukaemia.

Toxicity during induction

Induction is generally the most risky time during a patient’s
treatment and they should be monitored closely and seen reg-
ularly for clinical assessment. Induction death rates range from
2–20%, depending on the protocol used and the patient’s age.
Most induction deaths are due to either severe bacterial sepsis,
with fungal infection also posing a significant risk. Steroids often
mask signs and symptoms of infection, so astute clinical judge-
ment is required. All patients should have access to a special-
ist haematology unit 24 hours a day, and they must be treated
promptly with intravenous antibiotics for signs of neutropenic
sepsis. Any patient with a persisting fever should be investigated
for invasive fungal infection.
In addition to the risk of infection, patients are also at

risk of problems relating to specific drugs used in induction.
L-asparaginase is one of the most effective and important
drugs in the treatment of ALL, but it is also one of the most
difficult drugs to dose and manage. A major problem with
L-asparaginase is the occurrence of coagulation abnormalities
during treatment.
L-asparaginase therapy results in reduced levels of fibrinogen

and antithrombin levels, but there is little or no evidence that
infusions of fresh frozen plasma or fibrinogen can correct the
coagulation abnormalities and prevent thrombosis or bleeding.
Conversely there is also some evidence that giving fresh frozen
plasma replenishes the asparaginase pool that the drug is being
used to deplete, negating its effectiveness. Consequently the

use of plasma-derived products to correct coagulation abnor-
malities is not recommended unless the patient is actively
bleeding.
Despite deranged coagulation being the abnormality mea-

sured in the laboratory, an increased risk of venous throm-
bosis is the main clinical problem with L-asparaginase. Data
indicate that 10–20% of adults receiving L-asparaginase will
develop a thrombosis. As a consequence, strategies to reduce
the risk of thrombosis are important. It should be noted that
with modern adult ALL protocols, patients might not be throm-
bocytopenic throughout the whole of induction. Hospitalized
patients with platelet counts above 50 × 109/L should be
given antithrombotic prophylaxis as per UK National Insti-
tute of Clinical Excellence (NICE) thromboprophylaxis guide-
lines. The presence of a central venous catheter increases the
risk of thrombosis and many centres will avoid placing a cen-
tral venous catheter in the first phase of induction until the
patient has achieved a remission. There are little data available
on how to manage thrombosis in this setting. When a catheter-
related thrombosis occurs then the treatment of choice is
low-molecular-weight heparin. Treatment of a central venous
thrombosis is less clear. Patients should be treated with either
low-molecular-weight or unfractionated heparin. Adequate
monitoring of the heparin dosing using the anti-Xa assay should
be performed as patients may be resistant to heparin due to
depletion of antithrombin. In this situation replacement of
antithrombin is likely to be valuable, and specialist coagulation
advice should be sought.

379



Postgraduate Haematology

There are data showing inferior outcomes for patients who
develop a thrombosis during induction therapy for ALL despite
the fact that the thromboses that occurwith L-asparaginase ther-
apy are not usually fatal. It is assumed that the occurrence of a
thrombosis results in treatment delays, which are thendetrimen-
tal to the patient in the longer term.
Patients with previous L-asparaginase related thrombosis can

be given further drug with anticoagulation cover during consol-
idation therapy.
It is common for patients on L-asparaginase to develop

transaminitis and hyperbilirubinaemia during induction ther-
apy. If the patient develops acute sepsis then this will exacer-
bate the problem. All non-essential drugs that are liver metab-
olized should be withheld. With supportive care the liver
abnormalities usually fully resolve, but severe treatment delays
often result.
Pancreatitis is a rare, but life-threatening, complication of

L-asparaginase, which is more common in children than in
adults. Serum amylase levels should always be checked in a
patient post L-asparaginase therapy who is complaining of
abdominal pain. The development of pancreatitis is a con-
traindication to further use of the drug.

Consolidation therapy

Consolidation therapy is given to patients in CR with the
aim of eliminating residual leukaemia cells and to prevent the
re-emergence of drug-resistant disease. Consolidation therapy
typically consists of several cycles of treatment with multi-
agent chemotherapy, including CNS-directed therapy and fur-
ther doses of L-asparaginase. Modern adult protocols frequently
contain at least one delayed intensification block of therapy,
which constitutes a modified re-induction schedule mirror-
ing phases 1 and 2 of induction therapy. Smooth progression
between courses of therapy to minimize delays is likely to be
important, although there are usually specific requirements for
peripheral blood count recovery between courses. Slow recov-
ery between courses should be taken seriously as it may indi-
cate actual or impending relapse. Consolidation is generally bet-
ter tolerated than induction, partly because the patient will have
achieved CR and will begin therapy with adequate bone mar-
row function. Many patients can receive at least some elements
of their consolidation therapy as outpatients.

Maintenance therapy

Maintenance therapy remains obligatory for all adult patients
who have not undergone an allogeneic stem cell transplant as
part of their treatment for ALL. Studies evaluating the omis-
sion of maintenance therapy have concluded that this results
in inferior outcomes. The standard approach to maintenance
includes daily 6-mercaptopurine and weekly methotrexate with
pulses of vincristine and steroids for a period of approximately

2 years post consolidation. However, individual protocols vary.
The aim of maintenance is to eliminate minimal residual dis-
ease and dosing of the chemotherapeutic agents needs to be
strictly adjusted to induce moderate myelosuppression, whilst
not putting the patient at risk of neutropenic sepsis or haem-
orrhage. CNS-directed prophylaxis with intrathecal chemother-
apy should continue during maintenance. Pneumocystis pro-
phylaxis and herpes zoster prophylaxis should also continue
throughout the maintenance period, although antifungal pro-
phylaxis is no longer required.

CNS-directed therapy

The presence of lymphoid blasts in the cerebral spinal fluid is rel-
atively common (7%) in adults with newly diagnosed ALL. Risk
factors include T-cell disease, high white cell count and other
extramedullary sites of disease. Consequently it is important to
target treatment to prevent development of progression of ALL
in theCNS. Traditionally intracranial radiotherapywas used, but
this resulted in long-term sequelae, particularly in children, with
neurodevelopmental delay, short-term memory loss and pro-
gressive deterioration of intellectual function all being reported.
In adults, several trials have reported CNS recurrence rates of
less than 10% when a combination of high-dose methotrexate
and intrathecal chemotherapy is used without additional cranial
radiotherapy. In most adult and paediatric protocols CNS irra-
diation is no longer used in the prophylactic setting.
Methotrexate is the mainstay of therapy targeted at prevent-

ing CNS relapse in patients with ALL. It is commonly given via
the lumbar puncture route throughout all phases of treatment,
including maintenance therapy. Cytarabine and steroid can also
be given intrathecally and are sometimes given with methotrex-
ate as ‘triple therapy’, although there are no data suggesting the
superiority of adding the additional drugs. The precise number
of lumbar punctures needed during therapy is not defined. In
childhood ALL this is sometimes modified by risk of CNS dis-
ease. In adult ALL 10–20 doses of IT therapy are given, depen-
dent upon treatment protocol.
In addition, many adult protocols include an intensification

block of high-dose methotrexate given at doses ≥ 3 g/m2.
One of the most dramatic complications of ALL therapy is

methotrexate (MTX)-induced encephalopathy. Although this
side effect is rare, it is very frightening for patients and their
relatives when it does occur. MTX-induced encephalopathy is
more frequently seen in young adults than older adults and usu-
ally occurs when intrathecal methotrexate is being given during
a phase of intravenous cytarabine. It may present with fits, or
focal neurological signswith orwithout impaired consciousness.
It occurs within 1 day to 3 weeks after exposure to intrathecal
methotrexate and hence it is not always the most evident expla-
nation for the signs and symptoms. Fortunately, patients usu-
ally make a full recovery, although there have been case reports
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where a degree of neurological damage has persisted. It is impor-
tant to differentiate MTX-induced encephalopathy from cere-
bral sinus thrombosis with the appropriate imaging. The pres-
ence of ALL within the CNS also needs to be ruled out in any
patient presenting with a sudden onset of neurological symp-
toms. In the case of MTX-induced encephalopathy, intrathecal
methotrexate should not be given whilst the patient is receiving
systemic cytarabine. It can often safely be re-introduced later in
the protocol, but this should be approached on a case-by-case
basis. Alternatively the patient can be given cytarabine intrathe-
cally, in association with hydrocortisone.

Treatment of CNS disease at diagnosis

For those patientswhere there is evidence ofCNSdisease at diag-
nosis the current advice is to give once- to twice-weekly intrathe-
cal methotrexate alongside induction therapy until the CSF is
clear of lymphoblasts on two consecutive samples. Cranial radio-
therapy post induction remains the standard treatment of CNS
disease for this small group of patients. However, if the patient
is due to receive allogeneic stem cell transplant with total body
irradiation, CNS irradiation can bewithheld. Further intrathecal
methotrexate should be given in consolidation andmaintenance
post radiotherapy.

Stem cell transplantation

Myeloablative allogeneic haemopoietic stem cell transplantation
(alloHSCT) is undoubtedly one of the most effective anti-ALL
therapies available and there is a clear graft-versus-ALL effect.
One of the biggest ever studies of adult ALL (UKALL12/E2993)
demonstrated a survival advantage for myeloablative sibling
alloHSCT over chemotherapy in a ‘donor versus no donor’,
intention-to-treat analysis. Unfortunately, it is also the most
toxic approach within our therapeutic scope. It has played a
significant role in the treatment of ALL over many years, in
some country’s approaches, being reserved for those thought to
be at high risk of poor outcome by dint of having poor prog-
nostic factors and in others, being more widely applied wher-
ever a matched sibling donor is available. As alloHSCT practice
changes, with unrelated donor stem cells being widely avail-
able and the use of haploidentical donor cells, or umbilical cord
blood becoming more routine, and with the widespread intro-
duction of reduced-intensity conditioning regimens, so its role,
which has never been clearly defined by clinical trial, will also
change. Its role will also be affected by changes in ALL therapy.
As we learn more about predictive factors, develop new predic-
tive biomarkers and have a larger set of therapeutic tools at our
disposal, including T-cell immunotherapies that don’t require
myeloablation, so we will need to alter our focus of who should
receive alloHSCT. Application of alloHSCT is one of the most
controversial areas of clinical practice in ALL.

Specific approaches to defined clinical
populations in the treatment of ALL

Targeted therapies for ALL: Philadelphia
chromosome positive (Ph+) disease
Ph+ ALL is identified by the presence of the fusion between
the Abelson (ABL1) tyrosine kinase gene on chromosome 9 and
the break point cluster region (BCR) gene on chromosome 22,
resulting in a BCR–ABL1 fusion protein that is a constitutively
active tyrosine kinase. This acquired genetic abnormality is nec-
essary and sufficient for the development of CML (see Chap-
ter 24), but in Ph+ ALL, other abnormalities, such as deletions
within the Ikaros gene, are common and an acute leukaemia
occurs de novo. In the past, this genetic abnormality conferred
the poorest prognosis and alloHSCT was recommend for all
patients. The treatment of Ph+ ALL has been revolutionized by
the addition of selective inhibitors of the action of this fusion
protein – tyrosine kinase inhibitors, (TKI) – to treatment. These
non-chemotherapy agents, examples of which include imatinib
and dasatinib, bind to the kinase domain of ABL1 and disrupt
the ATP binding site. By so doing, they block the catalytic activ-
ity of the kinase and subsequent downstream phosphorylation,
essentially ‘switching off ’ a growth signal that is otherwise per-
manently and erroneously switched on. Although there have
been no randomized controlled trials comparing chemother-
apy with chemotherapy plus imatinib in Ph+ ALL, there is little
doubt that the overall outcome of therapy is superior with the
inclusion of TKIs, although a higher rate of alloHSCT is also seen
when TKIs are used. Although there is some evidence that Ph+
ALL in children can be treated successfully with chemother-
apy and TKI combinations alone, this conclusion is based on a
small study that was not designed to ask this specific question.
In adults, for whom alloHSCT remains the mainstay of therapy,
there is no clear evidence to date in the adult setting that Ph+
ALL can be optimallymanagedwithout alloHSCT because, even
in the presence of TKIs, most patients eventually relapse with-
out the definitive therapy of alloHSCT.Most studies to date have
been conducted using imatinib. The TKI dasatinib is less spe-
cific for BCR–ABL1 and also blocks SRC kinases, which, unlike
in CML, are known to play a role in Ph+ ALL. ALL can become
resistant to TKIs, most often by acquisition of mutations in the
kinase domain.Mutational analysis can be obtained and is a rele-
vant clinical test in patients with Ph+ALLwho relapse or whose
disease is resistant to TKI therapy. Many mutations have been
mapped and the implications for therapy with various TKI are
known. As an example, the occurrence of the T315I mutation
confers resistance to many TKIs – only ponatinib is of clinical
utility in this scenario.

Teenagers and young adults (TYA)

Age is known to be a prognostic factor in ALL. Even in pae-
diatric ALL it is well known that children under the age of 10
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years have better outcomes than children over the age of 10 years.
These differences are at least partly due to the reduced incidence
of good-risk cytogenetics in children over 10 years of age (see
Chapter 23). However, it was noticed in the late 1990s that there
was a further sharp drop in outcomes for adolescents over 16
years of age. Whilst changing disease biology and patient biol-
ogy play a role, many groups showed a significant impact of the
protocol used on long-term outcomes for teenagers and young
adults on retrospective data analysis. Traditionally adult proto-
cols have been very transplant focused, whereas paediatric trials
only use first remission transplantation in very high-risk disease.
In addition, paediatric protocols historically contained signifi-
cantlymore doses of vincristine and L-asparaginase in induction
and consolidation, compared to adult protocols.
In the UK patients up to the age of 25 years at diagnosis have

been treated on national paediatric trials since 2007 (UKALL
2003 and more recently UKALL 2011). With this approach
outcomes for teenagers and young adults have significantly
improvedwith patients aged 16–25 years nowhaving a predicted
long-term survival of 75%, with very few patients requiring allo-
geneic stem cell transplantation in first response. However, anal-
ysis of outcomes from the UKALL 2003 trial has continued to
show an impact of age on outcomes, with adolescents having
inferior long-term survival compared to younger children.MRD
status post induction and consolidation is the most important
predictor of long-term outcomes in teenagers and young adults.
Aswith older adults, new approacheswith the use of novel agents
and the selected application of first remission allogeneic trans-
plantation within the context of clinical trials, are required for
16–25 year old patients with persistence of high levels of MRD
post consolidation therapy.

ALL in older adults

The mean age of adults diagnosed with ALL is 60 years,
with an age-specific annual incidence in the UK rising from
0.45/100,000 for adults aged 35–39 to 0.78/100,000 for adults
aged 60–64 and 1.2/100,000 for those over 85 years. Despite
these figures, patients over the age of 65 years have typically not
been included in most large Phase III national trials. The lack
of well-designed trials for the older patient with ALL may be
one of the reasons why survival in this group has not improved
over time.
Importantly, studies have shown that when the effect of cyto-

genetics on overall survival was accounted for, age was not a
significant prognostic factor. This suggests that the worsening
prognosis with advancing age in adult ALL could at least in part
be a manifestation of the age-related increase in unfavourable
cytogenetics.
There is no standard regimen for the older patient world-

wide. Data from intensive transplant-based trials show that
older patients fared poorly, with 15% long-term survival. Where

patients have been deemed ineligible for national trial proto-
cols, local practices have varied widely and treatment is often
given with palliative rather than curative intent. Data from the
National UKALL 12 trial reported significantly more infections
during induction for patients over the age of 55 years, with
chemotherapy doses having to be reduced more commonly in
this age group in order to manage toxicity. Infection during
induction in this trial was related to poorer outcomes overall.
Published data indicate a 3–10 times higher rate of induction
deaths in older individuals after treatment for ALL.
Ironically, there has been some progress in improving

short-term outcomes for older patients with Ph+ disease. It
is possible to achieve CR with minimal toxicity with the use
of a tyrosine kinase inhibitor alone. CR rates of over 90% are
reported with imatinib in patients over 55 years of age. When
combined with steroid therapy, median survival rates of 20
months from diagnosis are reported, with most patients not
requiring any admissions to hospital. The long-term follow-up
of these patients suggests ongoing relapses and long-term cures
are unlikely with this approach.
Balancing toxicity of treatment against potential long-term

disease control in older patients is an enormous challenge.
Emerging novel agents such as monoclonal antibodies have the
potential of adding an independent antileukaemic effect without
the addition of substantial toxicity. The challenge will be how to
integrate these novel agents into ALL protocols for older indi-
viduals, where a current standard of care is not defined.

Treatment of relapsed/refractory disease

If the ALL fails to respond to therapy or relapses in adults,
survival is generally very poor and alloHSCT is the only known
curative therapy. Several large studies of patients who relapsed
following initial therapy have recently been published, which
show that once relapse has occurred, it is generally the features
of the relapsed disease, rather than the disease at original
diagnosis which determine outcome. Salvage therapy with
conventional chemotherapy agents is often attempted and
gives a second remission rate of about 40–50%, but often with
considerable toxicity. Hence, it is very worthwhile to know
which patients are most likely to benefit from conventional
salvage therapy and which are likely to fare so poorly that they
should be directed, if possible, towards clinical trials of novel
therapies. Factors predicting poor outcome from relapse include
older age, a short duration of first remission and relapse in the
CNS. Treatment received in first remission does not predict for
outcome after relapse.

Non-chemotherapy approaches to treatment
At the time ofwriting, TKIs are routinely used in the treatment of
Ph+ALL. Other non-chemotherapy approaches are currently in
clinical trial for relapsed or resistant ALL and some are yielding
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interesting data with potential promise for the future. A long-
term goal of chemotherapy-free treatment for ALL is a worthy
aim. Immunotherapy with engineered CD19 chimeric antigen
receptorT cells is particularly exciting. Patients’ T cells are genet-
ically modified using retroviral vectors to produce the chimeric
receptors for a single-chain variable fragment (scFv), targeted
against CD19, which is linked to costimulatory molecules that
help provide the necessary signals for the T cell to proliferate
and lyse ALL cells upon contact with the CD19 antigen. Another
approach, which also targets CD19, universally expressed on
ALL cells, is the bispecific, antigen-engaging antibody blinatu-
momab (currently in Phase III trial) inwhichCD19 andCD3 are
concurrently bound, activating an autologous T-cell response
against the ALL cells. Antibodies bound to toxins such as the
conjugated anti-CD22 antibody inotuzomab are also in Phase
III trial. Such therapies have very different modes of action and
spectra of potential toxicities to cytotoxic chemotherapy and
may rely on other factors yet to be identified for their success.
Hence, the predictive biomarkers for response to immunother-
apies will require close study to allow us to find the best time
within treatment to administer them.

Selected bibliography

Vardiman JW, Thiele J, Arber DA et al. (2009) The 2008 revision of
theWorldHealthOrganisation (WHO) classification ofmyeloid neo-

plasms and acute leukaemia: rationale and important changes. Blood
114(5): 937–51.

BeneMC, Castoldi G, KnappW et al. (1995) Proposals for the immuno-
logical classification of acute leukaemias. European Group for the
Immunological Characterization of Leukaemias (EGIL). Leukaemia
10: 1783–6.

Rowe J, BuckG, Burnett A et al. (2005) Induction therapy for adults with
acute lymphoblastic leukaemia; results of more than 1500 patients
from the international ALL trial: MRC UKALL XII/ECOG E2993.
Blood 106(12): 3760–7.

Ludwig W, Rieder H, Bartram CR et al. (1998) Immunophenotype
and genotypic features, clinical characteristics, and treatment out-
come of adult pro-B acute lymphoblastic leukemia: results of the Ger-
man multicentre trials GMALL 03/87 and 04/89. Blood 92(6): 1898–
909.

National Institute forHealth andCare Excellence (2010) Clinical Guide-
line 92. Venous thromboembolism: reducing the risk.

Goldstone AH, Richards S, Lazarus HM et al. (2008) In adults with
standard-risk acute lymphoblastic leukemia, the greatest benefit is
achieved from a matched sibling allogeneic transplantation in first
complete remission, and an autologous transplantation is less effec-
tive than conventional consolidation/maintenance chemotherapy in
all patients: final results of the International ALL Trial (MRCUKALL
XII/ECOG E2993). Blood 111(4): 1827–33.

Rowntree C, Hough R, Wade R et al. (2013) Outcomes of teenagers and
young adults on the UKALL 2003 paediatric trial for children and
young people with acute lymphoblastic leukaemia. Abstract. Blood
122(21): 57.

383



CHAPTER 22

22Childhood acute lymphoblastic
leukaemia
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Introduction

Acute lymphoblastic leukaemia is the most common form
of cancer (25–30%) and predominant subtype of leukaemia
(75–80%) in children. However, childhood ALL is not a
single disease and has considerable phenotypic and genotypic
heterogeneity, which is of diagnostic and prognostic impor-
tance. Modern protocols take account of this heterogeneity by
incorporating complex risk stratification models to determine
content and intensity of therapy received by an individual
patient. Despite no new drugs being available during that
period, treatment outcome has improved substantially in the
last four decades such that over 90% of patients can expect to
survive without disease in the long term. Translation of recent
advances in understanding of the molecular biology of ALL and
its influence on phenotype and clinical outcome will help define
specific subgroups that might benefit from better targeted
therapy.

Epidemiology

The median age at diagnosis for ALL is 13 years and nearly
60% of cases are diagnosed under the age of 25. There is a
sharp peak in ALL incidence among 2–3 year olds (>80 per
million), which decreases to a rate of 20 per million for 8–10
year olds. The incidence of ALL among 2–3 year olds is approx-
imately fourfold greater than that for infants and is nearly 10-
fold greater than that for 19 year olds. The incidence is higher
in boys than in girls (four times for T-cell ALL), except that

girls have a slightly higher (1.5 times) incidence of leukaemia
in the first year of life. The reported incidence of ALL is higher
in Northern and Western Europe, North America and Ocea-
nia, and lower in Asia, South America and Africa. In industrial-
ized countries, the incidence is higher among children of Euro-
pean descent than among those of African descent. For exam-
ple, the annual rate (per million population) of childhood ALL
from birth to 19 years of age is 29.7 in the UK and 11.0 in India;
in the USA, it is 32.9 for white people and 14.8 for African-
Americans. T-cell ALL and pre-B leukaemiawith t(1;19)/TCF3–
PBX1 (also known as E2A–PBX1) fusion are more prevalent
among African-American children, who are less likely to have
ALLwith high hyperdiploidy. The incidence of ALL among chil-
dren younger than 15 years of age has shown amoderate increase
in the past 20 years.

Aetiology

Genetic factors

Only a small proportion (<5%) of patients with childhood ALL
have underlying hereditary genetic abnormalities. Childrenwith
Down syndrome have a 10- to 30-fold increased risk of develop-
ing ALL. Other genetic disorders associated with an increased
incidence of ALL include ataxia telangiectasia, Schwachman–
Diamond syndrome and Bloom syndrome (see also Chapter
18). There is no definite evidence of an association between
leukaemia and congenital immunodeficiencies such as X-linked
agammaglobulinaemia. Germline TP53 mutations, a cause of
the cancer-predisposing Li–Fraumeni syndrome, are present in
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40% of patients with low hypodiploid (32–39 chromosomes)
ALL.
Fraternal twins and siblings of affected children are at a

twofold to fourfold greater risk of leukaemia during the first
decade of life than are unrelated children. In the case of identical
twins, when leukaemia occurs in one twin, there is a 20% proba-
bility that it will also occur in the other twin, owing toALL trans-
fer in utero via the shared placental circulation.When leukaemia
is diagnosed before 1 year of age it almost invariably develops in
the other twin, generally within a fewmonths. In identical twins
with t(4;11)/MLL–AF4, the concordance rate is nearly 100%,
with a short latency period (weeks to a fewmonths). In contrast,
the concordance rate in twins with the ETV6–RUNX1 fusion
or T-cell phenotype is lower and the postnatal latency period
longer, in keeping with the requirement for additional genetic
events for leukaemic transformation in these subtypes of ALL.
Hyperdiploid ALL also appears to arise before birth, but requires
postnatal events for full malignant transformation. In contrast,
t(1;19)/TCF3–PBX1 ALL appears to have a postnatal origin in
most cases.
Genome-wide association studies (GWAS) have discovered

polymorphisms at six genomic loci associated with a two- to
fourfold increased genetic susceptibility to childhood ALL in
general or a specific genetic sub-type:ARID5B, IKZF1,CEBPE,
CDKN2A, BMI1-PIP4K2A, GATA3, which has an association
with general susceptibility and Philadelphia-like ALL (GATA3),
and TP63, which has an association with ETV6/RUNX1ALL.
There is evidence implicating several of these genes in the patho-
genesis of ALL. For example, germline variants in ARID5B
have the strongest association with ALL susceptibility across
the genome, and the loss of Arid5b in mouse leads to signifi-
cant defects in lymphoid cell development. IKZF1, an impor-
tant transcription factor in all lymphoid lineages, is frequently
targeted by copy number alterations in ALL blast cells, and
IKZF1 deletion is associated with a poor prognosis. Loss of
CDKN2A/CDKN2B occurs in up to 40% of B-precursor ALL
and is likely to contribute to cell cycle deregulation in leukaemia.
CEBPE is related specifically to myeloid cell maturation and
terminal differentiation, but intrachromosomal translocations
involving the immunoglobulin heavy locus (IGH) and CEBPE
genes also have been described in childhood ALL. ARID5B,
IKZF1, CEBPE and BMI1-PIP4K2A variants cumulatively
confer strong predisposition to ALL, with children carrying six
to eight copies of risk alleles at a 9-fold higher ALL risk rela-
tive to those carrying zero to one risk alleles at these four sin-
gle nucleotide polymorphisms. The lower incidence of B-ALL
with high hyperdiploidy in African-American children in the
USmay at least partially reflect lower prevalence of the ARID5B
risk allele. The convergence of germline ALL susceptibility loci
and somatic aberrations on genes involved in lymphoid cell
development, cell cycle control, and tumour suppression rein-
forces the contribution of these key pathways to leukaemogene-
sis and also points to the possibility that inherited and acquired

genetic variations act synergistically in the development of
childhood ALL.

Environmental factors

Ionizing radiation and chemical mutagens have been implicated
in the induction of leukaemia, but clear aetiological factors for
ALL cannot be identified in a majority of cases. In utero expo-
sure to diagnostic X-rays is associated with a slightly increased
risk of ALL, proportional to the number of exposures. The asso-
ciation between leukaemia and maternal exposure to potential
mutagens, neonatal administration of vitamin K, parental use of
medications and drugs, proximity to electromagnetic fields and
exposure to other potential mutagens have been proposed, but
not proven. In the UK, it has been demonstrated that the geo-
graphical incidence of childhood leukaemia showsmore cluster-
ing than would be expected if it were due to chance variations,
which could be due to the geographical distribution of environ-
mental risk factors, including infectious agents.
Infection was the first suggested causal exposure for child-

hood ALL and remains the strongest candidate. Two specific
hypotheses have been proposed, both postulating that ALL
results from an abnormal response to a common infection.
There is no evidence to date of a unique or single transforming
virus in ALL, as is the case of leukaemia in some animal species.
Instead, it is likely that ALL is promoted indirectly by an abnor-
mal or dysregulated immune response to one or more common
infections (viral or bacterial) in a susceptible individual. Suscep-
tible children would be defined as having minimal prior expo-
sure to infection during infancy and have a persistent in utero-
generated preleukaemic clone plus a variable degree of genetic
susceptibility, as described above.

Pathogenesis (Figure 22.1)

Recent studies have revealed the genomic landscape of child-
hood ALL at diagnosis and its evolution prior to diagnosis, dur-
ing therapy and at relapse. Except for MLL rearranged infant
ALL, in which a single genetic mutation is likely to be an initi-
ating and driving event, all other subtypes of childhood ALL are
due to a series of genetic events within a cell that has acquired
an initiating mutation, often in utero. A recurring leukaemia-
associated chromosomal abnormality is detected by karyotyp-
ing, FISH or molecular techniques in around 80% of childhood
ALL cases. High hyperdiploidy and ETV6-RUNX1-carrying
cells are present at low levels in nearly 1% of cord blood sam-
ples fromnormal neonates, ofwhomonly 1%developALL, often
after several years; thus these rearrangements are by themselves
insufficient to cause leukaemia, as confirmed in experimen-
tal models. These initiating mutations drive transcriptional and
epigenetic dysregulation and aberrant self-renewal. They also
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Figure 22.1 Pathogenesis of ALL.

disrupt lymphoid development and result in an arrest in mat-
uration. Additional genetic alterations target multiple cellular
pathways, including cell-cycle regulation, apoptosis and chro-
matinmodification. In a subset of cases (BCR-ABL1+ and BCR-
ABL1—likeALL), genetic alterations drive aberrant cytokine
receptor and kinase signalling. Together, these events result in
the proliferation and establishment of the leukaemic clone. Each
mutation or combination of mutations gives rise to subclones
such that, at diagnosis, the leukaemic cell population is clonally
heterogeneous and genetic alterations that confer resistance to
treatmentmay be present inminor clones. These resistantminor
clones are selected by treatment to become the dominant pop-
ulation at relapse and are the reason for salvage therapy being
less effective than first-line treatment. There is some evidence to
suggest that very late ‘relapse’ of ETV/RUNX1 ALL is in fact a
second leukaemia arising from the leukaemic ‘stem cell’ acquir-
ing a different set of secondary mutations compared with the
clone at first presentation.

Clinical features

Children with ALL frequently present with symptoms and signs
of pancytopenia due to marrow failure. Fever, often due to
leukaemia rather than infection, is present in 60% of patients.
Nearly a third of patients, though, may have minimal or no
symptoms and signs of marrow failure, but instead present
with bone pain and arthralgia due to medullary expansion or
periosteal/cortical infiltration as dominant symptoms. To add to
the diagnostic confusion, these patients often havemild anaemia
or neutropenia and very few circulating blasts, whichmay not be
detected without careful examination of the blood film. Thus,

they may be misdiagnosed and treated as juvenile idiopathic
arthritis with transient benefit from steroids and/or methotrex-
ate, resulting in a delay in diagnosis. Bulky extramedullary dis-
ease, especially overt CNS disease, mediastinal mass and renal
infiltrates are more common in T-lineage ALL. CNS involve-
ment is usually leptomeningeal rather than parenchymal and
may present with symptoms of meningism or cranial nerve
palsies. Ocular involvement ismore common at relapse than first
presentation and can affect the retina, ocular nerve, orbit, cornea
or anterior chamber with hypopyon. Painless enlargement of
the scrotum may be due to a testicular infiltrate or hydrocele
resulting from lymphatic obstruction. Rarely, the diagnosis is
made in a child who has a blood count for minor, non-specific,
symptoms.

Differential diagnosis

Immune thrombocytopenic purpura (ITP) is the most common
benign condition to be associated with symptoms that raise con-
cern about leukaemia. Severe skin haemorrhage in an otherwise
well child with isolated severe thrombocytopenia and normal
blood film without circulating blasts makes it possible to distin-
guish the condition from leukaemia in a vast majority of cases.
The presence of mild anaemia due to nose or gum bleeding and
activated lymphocytes on blood film due to a recent viral illness,
may create diagnostic uncertainty in some cases, but it should
be possible for an experiencedmorphologist to exclude the pres-
ence of blasts on a blood filmwithout resorting to a bonemarrow
aspirate.
Pancytopenia due to aplastic anaemia is difficult to dis-

tinguish from ‘aleukaemic leukaemia’ without marrow
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examination. Rare cases of ALL present with an aplastic
marrow without blasts, often accompanying severe sepsis,
with spontaneous reconstitution of normal haemopoiesis on
recovery from the infection. They re-present several weeks to
months later with low counts and circulating lymphoblasts.
Clonal rearrangements are invariably detected on retrospective
examination of the initial marrow using sensitive genetic
techniques and it’s likely that the ‘aplastic’ presentation of ALL
in such cases is due to severe sepsis causing marrow aplasia,
followed by spontaneous remission due to a cytokine release
phenomenon.
As described above, bone pain, arthralgia and occasionally

arthritis may mimic juvenile arthritis in a minority of patients.
Therefore, a marrow examination is mandatory prior to com-
mencing steroids or methotrexate in patients suspected of juve-
nile ‘idiopathic’ arthritis.
Paediatric small round cell tumours that involve the bone

marrow, including neuroblastoma, rhabdomyosarcoma and
retinoblastoma, may be confused with ALL on marrow mor-
phology, but can be easily distinguished on flow cytometry or
immunohistochemistry.

Laboratory features

A blood count at diagnosis shows varying degrees of pancytope-
nia, which is more severe in B-lineage than T-lineage ALL. Ini-
tial leucocyte counts (Table 22.1) range from 0.5 to >1000 ×
109/L (median 12 × 109/L); they are greater than 10 × 109/L
in slightly over half of patients and greater than 100 × 109/L
in 10–15% of patients. Most patients have circulating blasts, but
they may be difficult to detect in those with leucopenia with-
out careful scrutiny of a blood film (‘aleukaemic leukaemia’).
Reactive hypereosinophilia with pulmonary infiltration and car-
diomyopathy is a feature of a rare subtype of B-lineage ALL with
t(5;14)(q31;q32), which results in activation of the IL-3 gene
on chromosome 5 by the enhancer of the IG gene on chromo-
some 14. Coagulopathy is less common than in acute myeloid
leukaemia, usually mild and not associated with severe haemor-
rhage, except in patients with very high white cell counts who
are at risk of CNS haemorrhage due to leucostasis and tumour
lysis. Elevated uric acid and phosphorus levels may be seen due
to rapid tumour proliferation in patients with high tumour bur-
den. An enlarged kidney can be detected in 30–50% of patients,
but has no prognostic or therapeutic implications. Raised liver
enzymes due to leukaemic infiltration are present in 10–20% of
patients, are usuallymild and have no important clinical or prog-
nostic consequences. Aminority of patientsmay have cholestatic
jaundice due to nodes at the porta hepatis or portal tract infil-
tration. Abnormalities of the bone, such as metaphyseal band-
ing, periosteal reactions, osteolysis, osteosclerosis or osteope-
nia, are present in half of the patients. As these changes do not

Table 22.1 Characteristics of patients in UKALL 2003 (10/2003 –
06/2011).

Number (%)

Total 3126
Sex
Male 1776 (57)
Female 1350 (43)

Age (years)
Median (range) 5 (1–24)
<2 210 (7)
2–9 2077 (66)
10–15 610 (20)
≥16 229 (7)

Immunophenotype
B-lineage 2733 (88)
T-lineage 386 (12)
Not known 7

NCI risk group
High 1310 (42)
Standard 1816 (58)

WCC × 109/L
Median (range) 12 (0.4–881)
<10 1407 (45)
10+ 502 (16)
20+ 526 (17)
50+ 315 (10)
≥100 376 (12)

NCI, National Cancer Institute; WCC, white cell count.

affect treatment and outcome, routine diagnostic imaging stud-
ies (except for chest radiography to rule out mediastinal mass)
is not necessary.
Leukaemic blast cells are identified morphologically at diag-

nosis in the cerebrospinal fluid (CSF) of approximately one-
third of cases, most of whom have no neurological symptoms.
Only a minority of such cases (2–3%) fulfil the criteria for
CNS leukaemia (CNS 3) which is defined by the presence of at
least five leucocytes per microlitre of CSF and the detection of
leukaemic blast cells, or by the presence of cranial nerve palsy.
However, some studies have suggested that the presence of any
leukaemic cells in CSF (even from iatrogenic introduction due
to a traumatic lumbar puncture) predicts for an increased risk of
relapse.
A dense infiltrate of lymphoblasts is usually detected in amar-

row aspirate. Occasionally, the aspiratemay be difficult to obtain
and appear hypocellular with sparse blasts due to haemodilu-
tion. In such cases, a trephine invariably shows a dense infil-
trate, but in rare cases with ‘aplastic’ presentation (see differen-
tial diagnosis) may also be severely hypocellular. Morphological
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analysis of leukaemic cells distinguishes three subtypes of ALL
(L1, L2 and L3), according to the the French–American–British
(FAB) classification. Unlike in AML, the FAB classification has
no prognostic or therapeutic relevance in ALL and, along with
cytochemical staining, has been replaced by immunophenotypic
and genotypic diagnostic investigation and classification.

Immunophenotypic classification (see also
Chapter 19)

Early pre-B-ALL

Leukaemic blast cells of early pre-B-ALL resemble normal mar-
row B-cell precursors. The leukaemic cells always express CD19
and almost all cases have cytoplasmic CD22 and CD79α; surface
CD22 expression is also evident in most cases. CD10 and termi-
nal deoxynucleotidyltransferase (TdT) are expressed in 90% of
cases, and CD34 in more than 75% of cases. The CD20 anti-
gen is present on a minor proportion of blast cells in half of
cases, but its intensity might increase during treatment. Early
pre-B-ALL cells lack expression of surface and cytoplasmic
immunoglobulins.
ALL with rearrangement of the MLL gene typically has an

early pre-B-ALL phenotype, with distinctive features such as
expression of CD15, CD65 and chondroitin protoglycan sulfate,
and absence of CD10/22. Hyperdiploidy (chromosome number
>50) is typically associated with weak or undetectable CD45
expression.

Pre-B-ALL

The pre-B immunophenotype is defined by the accumulation of
cytoplasmic immunoglobulin μ heavy chains with no detectable
surface immunoglobulins and is found in approximately 20–
25% of cases. Leukaemic cells that express both cytoplasmic
and surface immunoglobulin μ heavy chains without κ or λ
light chains, a rare finding, have been designated transitional
pre-B-ALL. Pre-B-ALL expresses CD19, CD22 and CD79α and,
usually, CD10 and TdT, but only two-thirds express CD34. In
many cases of pre-B-ALL, surface CD20 is absent or is weakly
expressed. ZAP-70 expression is more prevalent in cases with a
pre-B-phenotype. Between 20 and 25% of pre-B-ALL cases have
either t(1;19)(q23;p13) or der(19)t(1;19)(q23;p13).

(Mature) B-cell ALL

In 2–4% of childhood ALL cases, cells express surface
immunoglobulin μ heavy chains plus either κ or λ light chains.
Commonly, cells have L3 morphology according to the FAB
classification and express CD19, CD22, CD20 and frequently
CD10; CD34 is negative. The less common subtype of B-cell
ALL is characterized by blast cells with L1 or L2 morphology,

and expression of TdT and/or CD34. These patients should be
treated as for stage IV B non-Hodgkin lymphoma (Burkitt lym-
phoma) if they have rearrangement of the C-MYC gene.

T-lineage ALL

Around 15% of children and young people with the disease
have T-lineage ALL, but the incidence is lower in younger chil-
dren and increases with age. T-lineage ALL cells express CD7
and CD3, the latter most commonly only in the cytoplasm.
Other markers commonly expressed include CD2, CD5 and
TdT; CD1a, surface CD3, CD4 and CD8 are detected in fewer
than 45% of cases. HLA-DR expression is uncommon, and 40–
45% of cases are positive for CD10 and/or CD21. CD79α is also
weakly expressed in approximately one-third of cases.
T-lineage ALL has been divided into three stages of

immunophenotypic differentiation: early (CD7+, cCD3+, sur-
face CD3−, CD4− and CD8−), mid or common (cCD3+, sur-
face CD3−, CD4+, CD8+ and CD1a+) and late (surface CD3+,
CD1a− and either CD4+ or CD8+). However, many cases have
immunophenotypic patterns that do not fit these thymic matu-
ration stages. T-cell receptor (TCR) proteins are heterogeneously
expressed in T-lineage ALL. In approximately two-thirds of
cases, membrane CD3 and TCR proteins are absent. In half of
these cases, however, TCR proteins (TCR-β, TCR-α, or both)
are present in the cell cytoplasm. Most cases with membrane
CD3 and TCR chains express the αβ form of the TCR, whereas
a minority express TCR γδ proteins.
A subtype of T-ALL, named early thymic precursor (ETP)

ALLhas been recently identified, which exhibits the gene expres-
sion profile of normal ETP cells, a population of recent immi-
grants from the bone marrow to the thymus that retains multi-
lineage differentiation potential. The phenotype is characterized
by positive CD7 and cCD3, negative CD1a and CD8 expression,
weak or absent CD5 expression and expression of at least one
stem cell or myeloid-associated antigen (e.g. CD34, CD117,
CD13, CD33, CD11b). ETPALLwas reported as having a dismal
outcome in initial reports, but a more recent UK report shows
that its outcome is only slightly worse than for non-ETP ALL

Cytogenetic and molecular classification

Hyperdiploid and hypodiploid ALL

High hyperdiploidy (51–65 chromosomes) (HeH) is the most
common genetic abnormality observed in ALL and is present
in up to 35% of children and ∼10% of adults with the disease.
Numerous paediatric and adult studies have shown HeH to be
associated with a favourable outcome. In vitro studies have sug-
gested that this favourable response is related to sensitivity to
methotrexate. Some studies have found that only a subgroup
of HeH with trisomies of chromosomes 4, 10 and 17 have a
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favourable outcome, others that trisomy 18 is associated with a
low relapse risk.
In contrast to the favourable prognosis associated with

HeH, patients with near-triploidy (69–81 chromosomes) have
a response to therapy similar to that of non-hyperdiploid ALL;
cases with near-tetraploidy (82–94 chromosomes) have a high
frequency of T-cell immunophenotype. Hypodiploidy (<45
chromosomes) occurs in less than 2% of ALL cases and is asso-
ciated with a poor outcome, especially for patients with a near
haploid (<30 chromosomes) or low hypodiploid (30–39 chro-
mosomes) karyotype. Some cases of near-triploidy and near-
tetraploidy are due to a ‘doubling up’ of chromosome num-
ber in an evolved near-haploid or low hypodiploid clone. These
patients also have a poor outcome.

ALL with TEL–AML1 (ETV6–RUNX1)
rearrangements

The chromosomal translocation, t(12;21)(p13;q22), results in
the chimeric fusion product ETV6–RUNX1 (formerly TEL–
AML1) and is the most prevalent translocation in paediatric
ALL (∼25% BCP-ALL), but it is rare among adults. Unlike many
chromosomal translocations, it is cytogenetically cryptic and
was discovered by FISH in the mid-1990s. Virtually all major
clinical trial groups around the world have reported that chil-
dren with ETV6–RUNX1 fusion enjoy excellent overall survival
with very low rates of relapses. There is some evidence to suggest
that the favourable outcome of ETV6–RUNX1 ALL is related to
optimal asparaginase therapy.

ALL with E2A–PBX1 (TCF3–PBX1)
rearrangements

Approximately 20–25% of pre-B-ALL cases have the
t(1;19)(q23;p13) translocation abnormality that juxtaposes
the E2A (TCF3) gene on chromosome 19 and the PBX1 gene
on chromosome 1. The resulting E2A–PBX1 fusion protein
contains the transcriptional activation domains of E2A linked
to the DNA-binding domain of PBX1 and the encoded protein
inappropriately activates the transcription of genes normally
regulated by PBX1. With contemporary treatment protocols,
patients with this leukaemia subtype have excellent response to
initial therapy, and a favourable overall outcome.
Another E2A fusion gene is created by t(17;19)(q22;p13), in

which E2A is fused to the gene that encodes the transcription
factor hepatic leukaemia factor (HLF). Patients with ALL and
this gene fusion frequently present with hypercalcaemia and
coagulopathy, and have poor prognosis.

ALL with MLL gene rearrangements

Structural alterations involving band 11q23 of chromosome 11
are the most frequent cytogenetic abnormalities in infant ALL

and occur in 1–2% of older children. The target is the MLL
gene (for mixed-lineage leukaemia; also known as HRX, ALL-
1 and TRX1). The most common 11q23 abnormality in ALL is
t(4;11)(q21;q23), which produces a chimeric protein that con-
tains the N-terminal portion of MLL linked to the C-terminal
portion of AFF1, but MLL has been reported to be linked to
more than 50 other genes. The MLL gene encodes a DNA-
binding protein that regulates the expression of many genes,
including multiple HOX genes. MLL is crucial for embryonic
development and haemopoiesis, and MLL fusion proteins can
transform haemopoietic cells into leukaemia-initiating cells.
Treatment outcome of ALL with an MLL gene rearrange-

ment differs by age group, with infants having the worst out-
come. Infant ALL with the MLL–AFF1 gene fusion also has
a high prevalence of immature, non-productive and/or oligo-
clonal antigen-receptor gene rearrangements.

ALL with BCR–ABL1 rearrangements

The t(9;22)(q34;q11) translocation encodes a chimeric gene
consisting of the 5′ portion of BCR fused to the 3′ portion
of ABL1, whereby N-terminal sequences of ABL1 are replaced
by BCR sequences. In ALL, breaks tend to occur in the minor
breakpoint cluster regions, forming a 190-kDa BCR–ABL. This
alteration results in a constitutively active ABL tyrosine kinase
that induces aberrant signalling and activates multiple cellular
pathways. Genome-wide analysis of BCR–ABL1 ALL samples
revealed deletions of IKZF1 in 84% of cases, whereas deletions
were not found in chronic-phase CML samples. Moreover, dele-
tion of IKZF1 appeared to be a lesion acquired at the time of
transformation from CML to lymphoid blast crisis.
BCR–ABL1 ALL is refractory to standard chemotherapy,

but outcomes have improved significantly in recent studies in
which a tyrosine kinase inhibitor (TKI) such as imatinib was
given in combination with chemotherapy throughout a 2-year
treatment programme. Thus, first remission allogeneic stem
cell transplant is no longer indicated for the vast majority of
patients (nearly 90%) who obtain a good MRD response after
12 weeks of chemotherapy plus TKI. Patients with resistance to
first-generation TKI agents may respond to second- and third-
generation TKIs such as nilotinib, dasatinib and bosutinib.

ALL with iAMP21

A novel, recurrent chromosomal abnormality has been defined
in a distinct subgroup of childhood ALL. It is character-
ized by the presence of an intrachromosomal amplification
of chromosome 21 (iAMP21). They have a common/pre-B-
immunophenotype, are significantly older (median 9 versus 5
years) and have a lower white cell count (median 3.9 versus 12.4)
compared to children without this abnormality. In a previous
UK trial, ALL 97, iAMP21 patients had a significantly inferior
event-free and overall survival at 5 years comparedwith all other
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patients: 28% (95% CI 11–47%) versus 78% (75–80%) and 71%
(50–84%) versus 86% (85–88%), respectively. As a result of this
threefold increase in relapse risk, new iAMP21 patients were
treated as cytogenetic high risk in the succeeding trial, UKALL
2003, with a significant improvement in 5-year EFS to 85%.

Genetic abnormalities in T-cell ALL

Genes that are dysregulated in T-cell ALL include SCL (TAL-1),
LMO1 (TTG-1), LMO2 (TTG-2) and HOX11. An additional
alteration found in T-cell ALL is the deletion from chromosome
9p21 of the CDKN2A (INK4A) and CDKN2B (INK4B) genes,
which encode p16INK4a and p15INK4b, inhibitors of the Cdk4
cyclin D-dependent kinase. Activating mutations of NOTCH1
are frequently found in T-ALL and have been implicated in its
pathogenesis. None of the T-ALL genetic abnormalities predict
outcome to the extent that treatment should be stratified on the
basis of specific abnormalities.

Novel genetic subtypes of ALL

Rearrangement of CRLF2 and JAK2
Approximately 8% of B-lineage ALL cases have CRLF2
rearrangement at the pseudoautosomal region 1 (PAR1)
of Xp/Yp. CRLF2 encodes cytokine receptor-like factor 2,
the receptor for thymic stromal lymphopoietin (TSLP).The
arrangement occurs either as a rearrangement of CRLF2
into the immunoglobulin heavy chain locus at 14q32, or as a
focal deletion immediately upstream of CRLF2 that results in
expression of a novel fusion, P2RY8-CRLF2. Both events dys-
regulate CRLF2 expression, resulting in increased expression by
lymphoblasts that may be detected by diagnostic immunophe-
notyping. CRLF2 rearrangement is particularly common (>50%
of cases) in ALL associated with Down syndrome (DS-ALL).
Half of cases with CRLF2-rearrangement harbour concomitant
activating mutations in the Janus kinase genes JAK1 or JAK2.
CRLF2 and JAK alterations are also associated with deleteri-
ous IKZF1 alterations and poor outcome. Importantly, JAK2
mutations common in ALL are distinct from those observed in
myeloproliferative neoplasms. Coexpression of CRLF2 and JAK
mutant alleles transforms model cell lines and activates down-
stream Jak-Stat signalling, suggesting that these alterations are
cotransforming in B-ALL. In DS-ALL, alterations of IKZF1, but
not of CRLF2 or JAK2, are associated with a worse prognosis.

BCR–ABL1-like ALL
Of B-ALL cases, 10–20% exhibit a gene expression profile
similar to that of BCR–ABL1 ALL but do not have a BCR–
ABL1-rearrangement. They commonly show IKZF1 alteration,
and have a worse outcome than patients without a BCR–ABL1-
like gene expression profile. Nearly 50% of BCR–ABL1-like
cases have CRLF2 rearrangements and JAK mutations.
Next-generation sequencing, including transcriptome and

whole-genome sequencing, has shown that the remaining cases
harbour a diverse range of rearrangements, deletions, and
sequence mutations that activate cytokine receptor and kinase
signalling (e.g, those involving ABL1, EPOR, IL7R, JAK2, and
PDGFRB). Several of these were shown to be transforming in
vitro and to activate kinase signalling in primary leukaemic
cells which are sensitive to tyrosine kinase or JAK2 inhibitor.
There are also case reports of responses to TKIs in patients with
activating kinase mutations and refractory leukaemia.

Prognostic factors

Presenting features

Age, presenting white cell count and immunophenotype (Tables
22.2 and 22.3) are independent predictors of relapse risk in
childhood ALL. Although the association of outcome with age

Table 22.2 UKALL 2003 5-year event-free survival by risk groups
(% with 95% confidence intervals).

Risk group n EFS

Overall 3126 87.3 (86.1–88.5)

NCI standard 1816 90.8 (89.4–92.2)
NCI high 1310 82.5 (80.3–84.7)

MRD high 1037 80.2 (77.7–82.7)
MRD low 1090 94.9 (93.5–96.3)
MRD other 999 86.5 (84.3–88.7)

NCI standard
MRD high 543 86.5 (83.6–89.4)
MRD low 680 94.7 (92.9–96.5)
MRD other 593 90.1 (87.6–92.6)

NCI high
MRD high 494 73.1 (69.0–77.2)
MRD low 410 95.0 (92.8–97.2)
MRD other 406 81.2 (77.3–85.1)

Age <10 2287 89.8 (88.4–91.2)
Age 10+ 839 80.6 (77.9–83.3)

Immunophenotype
T 388 81.2 (77.3–85.1)
non-T 2738 88.2 (87.0–89.4)

Early response
Rapid 2762 89.3 (88.1–90.5)
Slow 364 72.0 (67.1–76.9)

NCI high
Age <10 471 86.0 (82.9–89.1)
Age 10+ 839 80.6 (77.9–83.3)
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Table 22.3 UKALL 2003 Prognostic factors in UKALL 2003.

Univariate log rank Univariate Cox regression Multivariate (Cox regression)

Hazard ratio Hazard ratio Hazard ratio
Variable (95% CI) p (95% CI) p (95% CI) p

Sex (F v M) 0.66 (0.52–0.84) 0.0007 0.65 (0.50–0.84) 0.0009 0.80 (0.59–1.09) 0.16
Age∗ 1.78 (1.48–2.14) <0.0001 1.07 (1.05–1.10) <0.0001 1.08 (1.05–1.12) <0.0001
WCC∗ 1.36 (1.25–1.48) <0.0001 1.30 (1.21–1.41) <0.0001 1.37 (1.21–1.54) <0.0001
MRD risk (high v low) 3.51 (2.63–4.68) <0.0001 4.03 (2.85–5.69) <0.0001 3.51 (2.47–4.99) <0.0001
NCI risk group (high v std) 2.05 (1.60–2.62) <0.0001 2.00 (1.57–2.55) <0.0001 0.88 (0.57–1.36) 0.56
Immunophenotype (T v B/N) 2.11 (1.45–3.08) 0.0003 1.82 (1.34–2.47) 0.0001 0.60 (0.38–0.94) 0.02

∗Age and log (WCC) as continuous variables in Cox analyses, grouped in log rank as: Age <2, 2–9, 10–15, ≥16; WCC <10, 10+, 20+, 50+, ≥100.

and presenting white cell count is linear, current risk strati-
fication models use a threshold for both variables to define
standard- and high-risk groups. For example, the National Can-
cer Institute (NCI) criteria employed by the UKALL and US
Children’s Oncology groups categorizes patients below 10 years
with white cell count less than 50 × 109/L as standard risk (60%
of patients) and older patients or those with a higher white cell
count as high risk.
Historically, the outcome for boys was worse compared with

girls, but the difference is not evident in some contemporary
studies. In some, but not all, US studies, patients of African-
American and Hispanic origin had a significantly worse
outcome.
Patients with BCR/ABL1, low hypodiploidy,MLL rearrange-

ment, E2A/HLF and iAMP 21 cytogenetic abnormalities are
classified as high risk and receive more intensive therapy (but
not first remission allogeneic transplant in the absence of induc-
tion failure) in most protocols. Some groups stratify patients
with the good-risk ETV6/RUNX1 abnormality to receive less
intensive therapy. As cytogenetic alterations alone do not accu-
rately predict the risk of relapse, there are attempts at incorpo-
rating novel genetic alterations into risk stratification models.
However, at present, no group is stratifying patients solely on
the basis of IKZF1, BCR/ABL1-like or ETP status to high-risk
therapy.

Early response

Risk stratification based on clinical criteria, though, is relatively
non-specific. For example, a high-risk groupwith a 5-year EFS of
around 50%, defined by age, gender and presentingWCC, iden-
tifies only 20% of patients destined for relapse, with the majority
of relapses still arising out of the remaining, apparently, low-risk
patients. Speed of response in the first few weeks of treatment is
a powerful discriminant of outcome. Morphological slow early
response, measured as slow clearance of blood or marrow blasts

after a week or two of induction therapy, is associated with a rel-
atively high risk of relapse and around 1% of patients who are
not in complete remission at the end of induction (induction
failures) have a poor outcome. However, over 60% of relapses
arise from the group with a rapid morphological response in the
first 2 weeks of therapy. Measurement of minimal residual dis-
ease (MRD) offers a much more sensitive and specific means of
distinguishing between patients who will and will not relapse.

Minimal residual disease

The bone marrow of patients in morphological complete remis-
sion may contain up to 1010 residual leukaemic cells. This
submicroscopic level of leukaemia (minimal residual disease,
MRD) can be detected using sensitive molecular or flow cyto-
metric methods. Molecular quantitation of MRD using real-
time quantitative PCR of antigen receptor gene rearrangement
(immunoglobulin and T-cell receptor) is the method of choice
in the UK and Europe. Each leukaemic clone carries a unique
molecular signature of rearranged antigen receptor genes which
can be detected at diagnosis using appropriate PCR primers and
sequenced. A patient-specific probe designed against the junc-
tional region of the rearranged gene is then used to track the
leukaemic clone in remission samples. Flow cytometricmethods
utilize combinations of cell-surface antigens uniquely expressed
on leukaemic cells (leukaemia-associated immunophenotype,
LAIP) to detect MRD.
Several large studies have revealed that the positive and nega-

tive predictive value of a particular MRD result depends on the
sensitivity of the technique used to measure it, the time point at
which it is measured, and the treatment received by the patient
before and after the point of assessment. Despite differences
in these variables amongst published studies, there is sufficient
consensus in the results relating to certain clinical end-points.
Around 50% of patients become MRD negative for two clonal
markers by the end of induction (EOI) and have a <5% risk
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of relapse. Patients with detectable MRD at the end of induc-
tion subdivide into two groups on follow-up. In around 95% of
these patients (45% of all patients) the MRD level falls below
0.5% by the end of consolidation therapy. This group has a 20%
relapse risk and benefits from further intensification of therapy,
as demonstrated in UKALL 2003. The remaining 5% (1% of all
patients) have persistent MRD ≥0.5% at postinduction follow-
up, and an associated >80% risk of relapse. The optimal therapy
for thisMRDvery high-risk group is uncertain andmany groups
consider them eligible for experimental therapy followed by first
remission allogeneic stem cell transplant. The kinetics of MRD
clearance is slower in T-lineage compared with B-lineage ALL
and the prognostic outlook for a given detectable MRD level is
worse at earlier time points for B lineage and later time points
for T lineage.

Pharmacogenetic variables

Mutations and polymorphisms of genes encoding several drug-
metabolizing enzymes have been associated with response to
therapy. The best-known is the thiopurine S-methyltransferase
(TPMT) gene, which encodes the enzyme that catalysesmercap-
topurine to non-cytotoxic methyl mercaptopurine metabolites.
Approximately 1 in 300 patients have an inherited homozygous
deficiency of TPMT, which results in all the administered dose
of mercaptopurine (a prodrug) being converted to cytotoxic
thioguanine nucleotides (TGNs). Such patients should be
treated with 5–10% of standard doses to avoid marrow aplasia.
Patients who are heterozygous for this mutation (approx-
imately 10%) have intermediate levels of enzyme activity.
Both homozygous and heterozygous deficiencies are associ-
ated with better EFS, likely due to higher dose intensity of
mercaptopurine.

Treatment

Drugs and protocols

Eight categories of chemotherapeutic drugs form the mainstay
of childhood ALL therapy (Table 22.4). Current front-line treat-
ment protocols contain varying combinations of these eight
drugs given over a 2–3 year period. A typical treatment regimen
consists of induction, pre-emptive CNS-directed, intensifica-
tion and maintenance (also called continuing) therapy courses.
Induction and intensification therapy are designed for rapid de-
bulking of tumour load during the first few months of therapy,
while maintenance therapy, administered over the remaining 2–
3 years, is aimed at clearing MRD. Systemic therapy has vari-
able penetration across the blood–brain barrier and, therefore,
is insufficient to prevent isolated CNS relapse, the risk of which
is substantially reduced by pre-emptive CNS-directed therapy.

Historical background

Studies conducted by collaborative groups in many different
countries have contributed to the current generally gratifying
outcome of treatment of childhood ALL. The first attempt at
a cure was pioneered in the mid-sixties by the St. Jude’s group
in Memphis, USA, who showed that durable remissions could
be achieved in roughly 30–40% of patients with a combina-
tion chemotherapy protocol, which they called total therapy,
containing remission induction, pre-emptive CNS therapy and
prolonged continuation therapy. While other groups tried to
optimize this basic template by doing randomized studies of
various components within it, the Berlin–Frankfurt–Munster
(BFM) group took the second major step forward in the late
1970s, documenting that long-term remission rates could be
improved to 60–70% by intensified induction and consolidation
therapy. Others, including the MRC in the UK, subsequently
confirmed the benefits of intensified therapy, even using dif-
ferent combinations and schedules of intensification from the
original BFM model. Subsequent UK studies have investigated
alternatives to cranial radiotherapy for CNS-directed treatment
(UKALL XI), and compared the efficacy and toxicity of dexa-
methasone with prednisolone, and thioguanine with mercapto-
purine (ALL97). Cranial radiotherapy and HDMTX reduce the
risk of CNS relapse compared with prolonged IT MTX, but are
associated with equivalent overall EFS due to an increase in non-
CNS relapses. Hence, presently in the UK, cranial radiotherapy
is restricted to patients with overt CNS disease (CNS3) at pre-
sentation who have persistent CSF blasts after two intrathecal
methotrexate injections. Dexamethasone is more effective than
prednisolone in reducing the risk of systemic and CNS relapses
in several studies. Thioguanine is more effective than mercap-
topurine at preventing CNS relapses, especially in younger boys,
but is associated with an increased risk of death in remission
and sinusoidal occlusion syndrome or veno-occlusive disease
(SOS/VOD) of the liver. A proportion of patients with the lat-
ter toxicity have chronic portal hypertension due to periportal
liver fibrosis.

Current UK strategy

Risk stratification
The risk stratification approach currently used in the UK is
shown in Figure 22.2. At diagnosis, patients <10 years old with
WCC<50× 109/L are classified as clinical standard risk, patients
≥10 years of age and those with WCC ≥50 × 109/L as clinical
intermediate risk and patients with a cytogenetic abnormality
involving rearrangement of theMLL gene or hypodiploidy <40
chromosomes or iAMP21 or E2A/HLF abnormality or failure
to remit at day 29 or induction, are classified as clinical high
risk (HR). The clinically defined standard- and intermediate-
risk groups are stratified by measurement of MRD at the end
of induction (time point 1) and recovery from consolidation
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Clinical stratification

Standard risk
Age <10

and
WCC <50

Intermediate risk
Age ≥10

or
WCC ≥50

High risk
Hypodiploid <40

MLL, iAMP21, t(17;19)
Day 29 induction failure

MRD stratification

Day 29 
MRD <0.0005%

Day 29 MRD ≥0.0005% 
and
Week 14 MRD <0.5%

Week 14 MRD ≥0.5%

MRD Low Risk
Regimen A or B

MRD Intermediate Risk
Regimen C

MRD High Risk
Off protocol
Experimental treatment +
first remission allograft

Not eligible for
MRD stratification 
Allocated regimen C

Figure 22.2 UK risk stratification for children and young people with ALL. Age in years; WCC: white cell count × 109/L.

(prior to start of interim maintenance, time point 2). Patients
with an MRD level <0.005% at TP1 are classified as MRD low
risk, whereas patients with MRD above that level at TP1, which
has fallen to below 0.5% at time point 2 (TP2) are classified as
MRD intermediate risk. Patients with persistent MRD ≥0.5%
are classified as MRD high risk and receive experimental ther-
apy to reduceMRD prior to a first remission allogeneic stem cell
transplant.

Treatment
Patients receive one of three escalating intensity treatment reg-
imens depending on their clinical and MRD risk group (Fig-
ure 22.3). Initial treatment allocation is on the basis of clinical
risk criteria with treatment post induction being determined by
MRD response. The treatment regimens described below are the
standard treatment arms of the current randomized UK trial,
UKALL 2011.

Induction and consolidation
Clinical standard-risk patients receive a three-drug induction
containing vincristine, steroids and asparaginase for 4 weeks,
and intermediate- and high-risk patients receive in addition
daunorubicin. All patients receive three doses of intrathecal
methotrexate (IT MTX) in induction, with patients who have
blasts in their cerebrospinal fluid at diagnosis receiving an addi-
tional two doses.
For consolidation, clinical standard-risk patients who are

MRD low risk receive daily oral mercaptopurine and three doses
of weekly intrathecal methotrexate. Patients who are clinical
intermediate-risk patients and MRD low risk receive in

addition 4 weeks of cyclophosphamide and cytarabine
(BFM consolidation). Clinical high-risk patients and MRD
intermediate-risk patients receive an additional four doses of
vincristine and two doses of pegylated asparaginase during the
BFM consolidation course.

Interimmaintenance and delayed intensification
Following consolidation, all patients receive 2 months of
interim maintenance prior to a single delayed intensification
course. MRD low-risk patients receive oral mercaptopurine and
methotrexate with monthly vincristine and steroid pulses dur-
ing interimmaintenance. Interimmaintenance for clinical high-
risk and MRD intermediate-risk patients consists of escalating
doses of intravenous methotrexate without folinic acid rescue,
vincristine and pegylated asparaginase.
All patients receive a single delayed intensification. For

MRD low-risk patients this consists of a single dose of pegy-
lated asparaginase at day 4 and vincristine, dexamethasone,
doxorubicin for 3 weeks, followed by cyclophosphamide and
cytarabine, as given during the BFM consolidation course.
MRD intermediate- and clinical high-risk patients receive in
addition two doses of vincristine and one dose of pegylated
asparaginase.

Continuation therapy
Regardless of clinical and MRD risk group, all patients receive
oral mercaptopurine andmethotrexate, monthly vincristine and
steroid pulses and 3-monthly intrathecal methotrexate. Boys
receive treatment for 3 years and girls for 2 years from the start
of interim maintenance.
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Clinical standard risk and MRD low risk (Regimen A)

Clinical intermediate risk and MRD low risk (Regimen B)

Clinical high-risk patients and MRD intermediate risk (Regimen C)

Induction

Induction

CNS DI Continuing therapy

Continuing therapy

Continuing therapy

BFM consolidation
+ CNS-directed
therapy

Augmented
BFM consolidation
+ CNS-directed
therapy

IM1

Augmented
DI

DI

Capizzi IM1Induction

Female patients to week 117
Male patients to week 169

Female patients to week 112
Male patients to week 164

Female patients to week 112
Male patients to week 164

0

0

0 5 13 2114

Time (weeks)

22 29

5

4 5 16

910 1718 24

17 23

Figure 22.3 Outline of current UK treatment regimens. IM, interim maintenance; DI, delayed intensification; BFM, Berlin–Frankfurt–
Munster; MRD, minimal residual disease; MRD, intermediate risk patients assigned to augmented therapy transferred to Regimen C after
induction.

Steroid andasparaginase formulations, dosesand schedules
All patients receive dexamethasone 6 mg/m2 with a 10 mg
ceiling dose during induction and maintenance courses. In
delayed intensification courses, all patients receive dexametha-
sone at 10 mg/m2 (without a cap) for 14 days in a week-on,
week-off schedule. All patients receive pegylated asparaginase
1000 units/m2/dose given intramuscularly throughout treat-
ment. Standard- and intermediate-risk patients receive three
doses (two in induction and one in delayed intensification
course) and high-risk patients eight doses (additional two in
interim maintenance and delayed intensification courses).

CNS-directed therapy
Patients with ≥5 leucocytes/μL and blasts in a diagnostic
CSF sample with <10 red cells/μL (CNS-3) receive an extra
two IT MTXs in induction. Patients with traumatic lumbar
puncture and blasts in the CSF, as well as those with <5
leucocytes/μL which were blasts (CNS-2) also receive an extra
two IT MTXs during induction. All other patients received
intrathecal methotrexate as described above. High-risk patients
receive Capizzi intravenous methotrexate at doses <500 mg/m2

without folinic acid rescue. Thus, no patients receive cranial
radiotherapy during first-line treatment

Allogeneic haemopoietic stem cell transplantation (HSCT)
Less than 5% of patients are eligible for an allogeneic transplant
in first remission. These include patients with >25% blasts in
their marrow at day 29 of induction or with a high-risk kary-
otype and >5% blasts at that time point. In addition, patients
with MRD >0.5% at TP2 are eligible for first remission allo-
geneic SCT after experimental therapy to reduce theMRD level.
Autologous stem cell transplantation is of no benefit in ALL.

Current outcomes

Given the above treatment, the 5-year EFS of over 3000 children
and young people (aged 1–25 years) recruited to the recently
concluded UK trial, UKALL 2003 (2003–2011) was 87.2%,
which compares favourably with outcomes reported from con-
temporary trials by other groups (Table 22.5). A low incidence
of isolated CNS relapse (1.9%) was observed, equivalent to that
observed in studies in which a significantly higher proportion of
patients received cranial irradiation. Randomized interventions
within the trial demonstrated that treatment can be de-escalated
without compromising survival in MRD low-risk patients, and
augmentation of postremission therapy reduces relapse risk for
patients with detectable MRD at the end of induction. Thus, in
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Table 22.5 Outcomes with contemporary childhood ALL protocols.

Trial Group Region Years Subgroup (n) EFS (years) OS (years)

Several COG US, Canada, Australia,
New Zealand

2000–2005 All patients (6994)
B-ALL (5845)

N/A
N/A

91.3% (5)
92.0% (5)

T-ALL (457) N/A 81.5% (5)

Total XV SJCRH US 2000–2007 All patients (498) 85.6% (5) 93.5% (5)
B-ALL (422) 86.9% (5) 94.6% (5)
T-ALL (76) 78.4% (5) 87.6% (5)

00–01 DFCI US, Canada 2000–2004 All patients (492) 80.0% (5) 91.0% (5)
B-ALL (443) 82.0% (5) N/A
T-ALL (49) 69.0% (5) N/A

AIEOP-BFM 2000 BFM Western Europe 2000–2006 All patients N/A N/A
B-ALL (4016) 80.4% (7) 91.8% (7)
T-ALL (464) 75.9% (7) 80.7% (7)

ALL-9 DCOG Netherlands 1997–2004 All patients (859) 81% (5) 86% (5)
B-ALL (701) 82% (5)
T-ALL (90) 72% (5)

UKALL 2003
(age 1–25)

MRC/NCRI UK 2003–2011 All
B

87.3% (5)
88% (5)

91.6%
92.3%

T 82% (5) 86.4%

AIEOP–BFM, Association of Italian Paediatric Oncology and Berlin Frankfurt–Munster; COG, Children’s Oncology Group; SJCRH, St. Jude Children’s
Research Hospital; DFCI, Dana Farber Cancer Institute Consortium; MRC, Medical Research Council; NCRI, National Cancer Research Institute.
∗Infants <1 year old excluded where possible.

the current UK trial, postremission treatment intensity is strati-
fied byMRD response at the end of induction and recovery from
consolidation.
The improved outcomes reported in UKALL 2003 and other

recent trials have been obtained in the absence of new drugs
for the treatment of ALL for over 40 years. The use of dexa-
methasone and pegylated asparaginase throughout treatment is
likely to be an important contributor to the improvement seen
in UKALL 2003. Several large randomized clinical trials have
demonstrated the improved efficacy of dexamethasone in pre-
venting systemic and CNS relapse compared with prednisolone.
Pegylated asparaginase has better pharmacokinetic and pharma-
codynamic properties than the native formulation and a lower
risk of hypersensitivity reactions on re-exposure.

Treatment of distinct sub-groups

Young people (age 16–25 years)
A decade ago, retrospective comparisons demonstrated a con-
sistent and large EFS or OS advantage for young people with
ALL treated according to paediatric protocols compared with
adult protocols. The reasons for this were unclear, but possi-
bly included physician experience and compliance, patient com-
pliance, supportive care and specific aspects of protocol design.

In particular, early dose intensification of chemotherapy, higher
cumulative doses of steroids, vincristine and L-asparaginase and
less frequent use of alkylating agents, anthracyclines, high-dose
cytarabine and allogeneic stem cell transplant (with the associ-
ated higher treatment-related mortality) in paediatric protocols.
The results of these retrospective comparisons have been vali-
dated in prospective trials that recruited 16–25-year-old patients
to a paediatric protocol, such as UKALL 2003, in which that age
group had a 5-year EFS of 75%.

Infants
Acute lymphoblastic leukemia (ALL) in infants under 1 year
of age is rare and biologically different from ALL in child-
hood. Infant ALL is characterized by a high frequency of MLL
gene rearrangements, a very immature B-cell phenotype (proB
ALL), expression of myeloid markers, lack of CD10/22 expres-
sion, presentation with a high tumour load and a poor outcome.
MLL rearrangement status, presenting white blood cell count
(WBC), age at diagnosis and prednisone response are indepen-
dent prognostic factors and a model comprising age, MLL sta-
tus and WBC stratifies patients into three risk groups with dis-
tinct 4-year EFS (low: MLL germline, EFS 74%; intermediate:
MLL rearranged, WBC <300 or age <6 months, EFS 43% and
high: MLL rearranged and age <6 months andWBC >300, EFS
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18%). The current treatment approach within an international
trial, Interfant 06, combines this risk stratification algorithm and
MRD response to select patients for first remission allogeneic
transplant. Unfortunately, despite these international efforts, the
outcome for this subgroup remains poor. Molecular investi-
gations and preclinical studies indicate that epigenetic modi-
fiers and immune-based approaches might be effective in MLL
rearranged cases and are to be tested in future trials.

Down syndrome
Children and young people with DS have a 10–20-fold increased
risk of developing ALL compared to those without DS. This
increased risk is limited to the first three decades of life, but
with a notable absence of ALL in those under a year of age.
T-cell ALL is rare in DS, as is the presence of CNS disease at
diagnosis. ALL associated with DS (DS-ALL) has a distinct fre-
quency of genetic changes from ALL seen in the non-DS popu-
lation. Recurring cytogenetic abnormalities conferring either a
favourable or a poor prognosis are less common. Favourable risk
cytogenetics; high hyperdiploidy and ETV6/RUNX1 fusions,
occur in 50% of children with non-DS-ALL compared to 10–
20% in DS-ALL. Activating CRLF2, JAK2 and IZKF1 deletions
are found more commonly in DS-ALL. DS-ALL has an infe-
rior survival due to a combination of increased relapse risk and
high treatment-relatedmortality (TRM).Many groups treat DS-
ALL with reduced intensity treatment and recommend addi-
tional supportive care measures. As in non-DS patients, good-
risk karyotype and MRD low-risk status are associated with a
significantly lower risk of relapse in DS-ALL. These subgroups
may benefit from treatment de-escalation to reduce the risk of
treatment-related mortality and morbidity.

Relapse

Relapse may occur during or after treatment, usually within
2 years after cessation of therapy, but occasionally later (relapses
occurring as late as 10 years after diagnosis have been reported).
The bone marrow remains the most common site of relapse,
but the proportion of patients with relapse involving an
extramedullary site, particularly the CNS, has steadily increased
as systemic first-line therapy has become more effective. Even
when extramedullary relapse appears to be an isolated event, it
is often associated with submicroscopic residual disease in the
bone marrow. Although the clonal populations at relapse may
not genetically resemble the dominant population at diagnosis,
sensitive PCR techniques reveal that they are present as minor
subclones, which have been selected due to their relative resis-
tance to chemotherapy.
The chances of cure after relapse are related primarily to

timing of relapse in relation to first diagnosis, immunopheno-
type and site. Adverse risk factors include short initial remis-
sion, T-cell immunophenotype and marrow involvement. MRD
response remains predictive of prognosis after relapse in patients

who relapse after completion of first-line therapy, and such
patients may be cured by second-line chemotherapy alone.
Patients with on-treatment relapse and those with later relapse
and a slow MRD response to re-induction require a second
remission allogeneic stem cell transplant for cure. The proba-
bility of EFS after transplantation is significantly associated with
MRD burden before transplant and the kinetics of MRD follow-
ing transplant.

Early and late toxicity (Table 22.4)

Modern intensive therapy is associated with a small risk of mor-
tality (1% in induction, 2% in CR) and significant acute and
late morbidity. A majority of the latter are attributable to cranial
radiotherapy and there has been a gratifying reduction in the
number of patients with endocrine, growth and neuropsycho-
logical problems since it was replaced by alternative approaches
to prevention of CNS relapse. Dexamethasone ismore toxic than
prednisolone and likely to be a significant contributor to the
risk of serious bacterial and fungal infection. In a recently con-
cluded European study, AIEOP-BFM 2000, there were twice as
many induction deaths among patients in the dexamethasone
arm comparedwith the prednisolone arm and other studies have
reported a similar experience. There is also concern that dexa-
methasone is associated with a higher risk of osteonecrosis than
prednisolone, but that has not been a universal experience.Dose,
scheduling and interaction with anthracyclines are important
determinants of the risk of steroid-associated toxicity and the
current UK trial, UKALL 2011, is testing novel schedules of dex-
amethasone in an attempt to reduce the toxicity, while retain-
ing the efficacy of this drug. Toxicity attributable to asparaginase
occurs in a significant proportion: thrombosis in 3% of patients
with 1% involving the central nervous system. Hypersensitiv-
ity reactions occur in 1.5% of patients overall, with a majority
occurring in high-risk patients primarily on re-exposure to the
drug during the consolidation or first high-risk interim mainte-
nance course.

Treatment in a resource-poor setting

The drugs, staffing and infrastructure required to deliver the
treatment described above is very expensive, with an estimated
UK cost of £50,000/case. Over 80% of new cases of ALL will
arise in countries that cannot afford this cost. Thus, there
is an urgent need for studies to test more affordable treat-
ment protocols that can be delivered within a resource-poor
setting. The challenge of delivering optimal care to such a
large number of patients in a resource-poor setting has been
met by clinicians in those countries through a combination
of adaptation and innovation. For a number of reasons, apart
from lack of resources, outcomes are worse compared with the
West, even within a tertiary care setting. A lower incidence
of good-risk karyotypes (ETV6/RUNX1, high hyperdiploidy),
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malnutrition, partial compliance and poor general hygiene con-
spire to increase the risk of relapse and infection-related deaths.
There are no easy solutions to these problems. Simple flow cyto-
metric algorithms for measurement of MRD may be applica-
ble in this setting and could provide a relatively cheap method
to identify low-risk patients who can be cured without post-
remission intensification therapy, thus avoiding infection-
related deaths in this group. Learning from the experience of
tuberculosis, pilot programmes should test the feasibility of
directly observed treatment to improve compliance with main-
tenance chemotherapy. Universal access to treatment, though,
remains the single most difficult challenge in this setting. As
these nations’ overall wealth increases, only a massive invest-
ment in public health infrastructure will address this challenge.

Future strategies and conclusions

Given the good results of current protocols, future studies of
childhood ALL therapy are faced with the law of diminish-
ing returns. However, there remains a substantial minority of
patients with primary refractory disease (around 2%) or early
relapse (10%) who cannot be cured with current treatment,
including haemopoietic stem cell transplant. These patients
may be identified in first CR as having persistent high-level
MRD during the first 20 weeks of treatment. Intervention with
novel agents (monoclonal antibodies, tyrosine kinase inhibitors,
nelarabine, clofarabine and autologous CAR T cells) followed by
HSCT early in first CR (between weeks 12 and 20) might offer
some of these patients a cure. In the UK, we plan to test novel
agents during the week 12–20 window in these patients, using
MRD as a surrogate marker.
As cure rates improve, greater attention should focus on

reducing treatment-related deaths, which make up an increas-
ing proportion of treatment failures. Identification of groups at
high risk of toxicity (e.g. Down syndrome) and pharmacoge-
nomic expression profiling will guide targeted supportive care
and individualized drug dosing to reduce toxic deaths. There
is evidence that gene expression profiling of leukaemic blasts
can predict in-vitro and in-vivo chemosensitivity and treatment
in future could be customized to a patient’s pharmacogenomic
and leukaemia gene expression profiles. The current UK trial,
UKALL 2011, is testing ways of further reducing the risk of
treatment-related toxicity. In future, new drugs designed to tar-
get leukaemia-specific receptors and proteins could replace ele-
ments of conventional chemotherapy regimens responsible for
some of the major toxicities, thereby reducing toxicity, whilst
retaining overall efficacy of treatment. Ultimately, translation of
recent advances in understanding of the molecular biology of
ALL and its influence on phenotype and clinical outcome will

help define specific subgroups that might benefit from such an
approach. Lastly, international collaboration, as highlighted by
the INTERFANTprotocol, will need to increase so as to properly
investigate new treatment strategies and the biological determi-
nants of treatment response in rare subgroups of patients such
as those with the Philadelphia chromosome and near-haploidy
abnormalities.
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Introduction

The outlook for patients with leukaemia has tremendously
improved within the last 10 years, mainly because of new and
more effective treatments, such as targeted therapies, devel-
opment of new combinations and protocols, safer delivery of
higher doses of chemotherapy and improvements in supportive
care.
Supportive care requires a multidisciplinary approach by

medical and non-medical staff working in dedicated haemato-
logical wards with experience in treating patients with haema-
tological malignancies. Complications requiring supportive care
can be classified as follows:
� Psychological, social and financial
� Reproductive
� Anaemia
� Thrombocytopenia
� Infections
� Chemotherapy-induced nausea and vomiting (CINV)
� Nutritional
� Metabolic
� Skin, nail, dental, auditory and visual complications
� Pain control
� Palliation.

Psychological

Most patients diagnosed with leukaemia may experience one or
more of the following:

� Acute or chronic anxiety
� Uncertainty about the future
� Anger
� Mood disturbances
� Adjustment difficulties
� Distress
� Family communication problems
� Changes in body image
� Depression
� Decision-making difficulties
� Challenges balancing illness and treatment alongside the
demands of life.
As there is growing evidence that the provision of effective

psychosocial care improves the outcomes of patients with can-
cer, it is essential for all haematological units to be able to pro-
vide such a demanding type of care to patients and their relatives.
Central to the implementation of this care is that health profes-
sionals have the necessary communication and assessment skills,
for example, discuss prognosis and treatment options available
with the patient or the move from curative to palliative treat-
ments. Such communication is vital to enable the provision of
appropriate, accurate and detailed information to the patient at
key stages relating to the pathological process of the disease.
Because this information has the potential to affect the patient’s
decision-making process, the provision of information must be
appropriate, accurate and detailed.
This is primarily the task of a senior haematologist accompa-

nied by a specialist nurse and supported by junior doctors and
nurses, psychologists or occasionally psychiatrists.
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Unfortunately, high workload and a lack of available time for
health professionals might limit their ability to engage in con-
versation with patients in order to elicit their specific needs.
Therefore, the development of effective strategies to assist

clinicians to dedicate more time to their patients and improve
their communication skills is fundamental to achieving optimal
psychosocial outcomes for patients.

Social

Social support is a critical, yet under-utilized resource when
undergoing cancer care. Under-utilization occurs in two con-
ditions: (a) when patients fail to seek out information, material
assistance and emotional support from family and friends or (b)
when family and friends fail to meet the individualized needs
and preferences of patients.
Patient’s supportive groups run by departments, hospitals,

organizations or charities might provide major social support to
patients and relatives.

Financial

Most cancer patients experience financial problems. This might
be more relevant to patients with leukaemia, as profound
immunosuppression and delayed immune reconstitution might
result to prolonged absence from work with devastating finan-
cial losses. Therefore, governmental bodies, health boards, orga-
nizations and charities must do more to ensure people living
with cancer are signposted to good-quality specialist and timely
welfare benefits support to help them cope and manage the
financial impact of their diagnosis.

Reproductive

Fertility preservation

Fertility issues should be addressed in all patients of reproduc-
tive age before cancer treatment. In men, cryopreservation of
sperm should be offered, regardless of the risk of gonadal failure.
In women, the recommendation of fertility preservation should
be individualized, based onmultiple factors, such as the urgency
of treatment, the age of the patient, the marital status, the regi-
men and the dosage of cancer treatment. If the risk of gonadal
failure is very low, fertility preservation may not be required. If
the patient is a potential transplant candidate, fertility preser-
vation should be considered, as the infertility rate post trans-
plant is excessively high. In principle, embryo cryopreservation
or oocyte cryopreservation is recommended as a fertility preser-
vation option, if there is enough time for ovarian stimulation
before initiation of cancer therapy. In leukaemias, as opposed to
some slow-progressing lymphomas, the urgency of treatment is

such that rarely can female patients undergo oocyte stimulation
techniques.
However, it is very reassuring that the risk of infertility

in patients with ALL or AML who undergo conventional
chemotherapy is very low, as contemporary treatment protocols
entail lower doses or are devoid of alkylating agents.

GnRH-a

Clinical data support a viewpoint that prepubertal girls have
greater tolerance than postpubertal women during gonadotoxic
treatments. Ovarian suppression with gonadotropin-releasing
hormone agonist (GnRH-a) during chemotherapy has been
advocated by various groups. GnRH-a acts by suppressing the
pituitary ovarian axis, decreasing ovarian perfusion and pre-
venting germ cell apoptosis. Other collateral benefits include
suppression of menses and resulting prevention of anaemia and
bleeding during the aplastic phase.
One hypothesis is that the administration of GnRH-a could

put the ovary into an endocrine prepubertal state, with less
susceptibility to cancer treatments. Studies in monkeys have
demonstrated the protective role of GnRH-a against the primor-
dial follicle loss associated with cyclophosphamide; however,
they failed to find the same role in ionizing-radiation-induced
ovarian injuries. The available clinical research is highly con-
troversial, with some meta-analyses showing a benefit of ovar-
ian suppression by GnRH-a, but others not showing a benefit
with this approach. Most of the studies have been conducted
in patients with lymphoma and solid tumours and rarely in
leukaemia patients. The American Society of Clinical Oncology
concludes that there is insufficient evidence that ovarian sup-
pression protects fertility from gonadotoxic therapies and there-
fore large randomized clinical studies with long-term follow-up
should be performed to clear the safety and efficacy of GnRH-a
treatment.

Anaemia

Chemotherapeutic agents induce anaemia through directly
impairing hemopoiesis, including synthesis of RBC precursors,
in the bone marrow. In addition, nephrotoxic effects of par-
ticular cytotoxic agents (e.g., platinum-containing agents) can
also lead to anaemia through decreased renal production of
erythropoietin. The malignancy itself can lead to or exacer-
bate anaemia in several ways: leukaemia cells may directly sup-
press haematopoiesis through bone marrow infiltration. They
may produce cytokines that lead to iron sequestration, which
decreases RBC production and may even shorten survival.
Additional indirect effects may include nutritional deficiencies
caused by loss of appetite, haemolysis by immune-mediated
antibodies or changes in coagulation capability.
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There is no good evidence to support a particular red cell
transfusion policy in acute leukaemia. Therefore, the decision
to conduct PRBC transfusion should not be made strictly based
on whether the Hb level has reached a certain threshold or
‘trigger’. As a general rule, transfusion is rarely indicated when
the Hb level is greater than 90 g/L. However, different transfu-
sion thresholds should be adopted, having taking into consider-
ation three general categories of patients: (i) asymptomatic ones
without significant comorbidities, for which observation and
periodic re-evaluation are appropriate, (ii) asymptomatic with
comorbidities or high risk, for which transfusion should be con-
sidered and (iii) symptomatic, for which patients should receive
transfusion.
Older age and the presence of pre-existing cardiovascular, pul-

monary or cerebral vascular disease may compromise a patient’s
ability to tolerate anaemia. Hence, decisions related to whether
immediate correction of anaemia is needed must be based on
an assessment of individual patient characteristics, degree of
severity of anaemia, presence and severity of comorbidities, and
clinical judgment of the physician.

Use of erythroid-stimulating agents (ESA)

RBC production is normally controlled by erythropoietin, a
cytokine produced in the kidneys. First introduced in 1989,
ESAs are a synthetic, recombinant human erythropoietin that
can stimulate erythropoiesis in patients with low RBC levels.
The use of ESA remains very common in patients treated by

chemotherapy for solid tumours and lymphoid malignancies.
The American Society of Hematology (ASH) and the American
Society of Clinical Oncology (ASCO) recommend a strict ben-
efit/risk evaluation by clinicians for its use compared with RBC
transfusions.
In 2007, the FDAmade substantial revisions to the label infor-

mation and regulations regarding epoetin α and darbepoetin α,
including the addition of a ‘Black Box’ label warning and imple-
mentation of a risk management programme known as Risk
Evaluation and Mitigation Strategy. The strengthened FDA
restrictions were mainly based on the results of eight random-
ized studies that showed a decrease in overall survival and/or
locoregional disease control with ESA use for advanced breast,
cervical, head and neck, lymphoid, and non-small cell lung
cancers. Of the eight studies, three investigated ESA effects in
patients who underwent chemotherapy. All eight trials had an
off-label target Hb level of greater than 120 g/L.
Worsened health outcomes associated with the use of ESAs

have been confirmed in three recent meta-analyses of 51 to 53
randomized controlled trials by Bohlius et al., Tonelli et al. and
Bennett et al. However, this association has been refuted by two
other meta-analyses reporting no significant effect of ESAs on
mortality or progression. In addition, several recent pharma-
covigilance trials reported no decrease in survival with ESA use
in patients with chemotherapy-related anaemia.

Increased thromboembolic risk has also been associated with
ESA treatment in patients with cancer. The cause of VTE
is complex, including the underlying malignancy per se and
the chemotherapy regime. Other risk factors for thrombo-
embolic disease in patients with cancer include prior history,
hypercoagulability due to underlying thrombophilia, elevated
pre-chemotherapy platelet counts, recent surgery, hormonal
agents, immobilization, steroids and comorbidities such as
hypertension.
In patients receiving chemotherapy for acute myeloid

leukaemia or undergoing allogeneic hemapoietic stem cell
transplantation, the use of ESAs has not been clearly assessed
and is still controversial, which explains the need for prospective
evaluation of ESAs in these two populations.

Special considerations

All patients in whom allogeneic transplantation may be con-
sidered should receive cytomegalovirus (CMV)-negative or leu-
codepleted products until their CMV status is known. Patients
treated with purine analogue-based chemotherapeutic regimens
(i.e. FLAG) should be supported with irradiated blood products.

Thrombocytopenia

Prophylactic platelet transfusion should be administered to
patients with thrombocytopenia resulting from impaired bone
marrow function to reduce the risk of bleeding when the platelet
count falls below a predefined threshold level. This threshold
level for transfusion varies according to the patient’s diagnosis,
clinical condition, and treatment modality. The optimal platelet
dose has not been identified.
Several recent clinical trials have addressed the question of

which peripheral blood platelet count should trigger prophylac-
tic transfusions, i.e. transfusions given to patients with severe
thrombocytopenia without clinical haemorrhage. The prophy-
lactic strategy seems beneficial, and available clinical guide-
lines generally recommend prophylactic transfusions when the
peripheral blood platelet count falls to 10 × 109/L. This recom-
mendation is supported by four randomized clinical trials that
showed no statistically significant difference between the com-
pared groups with regard to mortality, remission rates of the
malignant disease, frequency of severe haemorrhages or ery-
throcyte transfusion requirements when comparing 10 × 109/L
with a higher threshold. The use of 10 × 109/L as the thresh-
old is in addition supported by a retrospective study compar-
ing 224 patients transfused at a threshold of 20 and 256 patients
transfused at a threshold of 10; these two groups showed similar
bleeding incidence and erythrocyte transfusion requirements.
A recent trial suggested that a policy of giving platelet trans-

fusions only as treatment for bleeding might become a new
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standard of care in selected patients. However, higher rates of
grade 3 or 4 bleeding events were reported among patients with
acute myeloid leukaemia who received no prophylaxis, as com-
pared with those who did receive prophylaxis. On the basis of
these findings, and the results of a study by Stanworth et al.,
as published in NEJM in 2013, the use of prophylactic platelet
transfusions in patients with haematologic cancers treated with
chemotherapy or allogeneic haemapoietic stem cell transplan-
tation appears to be important as the proportion of patients
who had bleeding events of WHO grade 2, 3, or 4 was reduced
by 7% overall in the group that received prophylactic platelet
transfusions.

Platelet preparations

Platelets for transfusion can be prepared either by separation of
units of platelet concentrates (PCs) from whole blood, which
are pooled before administration, or by apheresis from single
donors. Comparative studies have shown that the posttransfu-
sion increments, haemostatic benefit and side-effects are similar
with either product. Thus, in routine circumstances, they can be
used interchangeably. Inmost centres, pooled PCs are less costly.
Single-donor platelets from selected donors are preferred when
histocompatible platelet transfusions are needed. Both prepara-
tions can be stored for up to 5 days after collection at 20–24 ◦C
with good maintenance of platelet viability.

TPO receptor agonists

Thrombopoietin (TPO) mimetics, such as romiplostim and
eltrombopag (EP), have been developed to treat patients with
refractory immune thrombocytopenia. TPO is a potent endoge-
nous cytokine that binds to its receptor (c-Mpl) on megakary-
ocyte progenitors and stimulates a number of signal trans-
duction events promoting megakaryocyte proliferation and
maturation, and platelet release. Recent studies have suggested
that use of TPOmimetics can be of clinical value in the treatment
of refractory severe aplastic anaemia. Multiple studies have also
been undertaken to explore the potential utility of eltrombopag
in the treatment of thrombocytopenia in patients with AML
or MDS. In addition to inducing thrombopoiesis, EP exhibits
an antileukemic effect. Given the platelet-increasing effects, the
in vitro and in vivo antileukemia effects and the potential to
chelate excess iron in multiply transfused patients, the utility of
EP in patients with AML andMDS is actively being explored as a
dual thrombopoietic and antineoplastic agent in different types
of cancer.

Granulocyte transfusions

Small randomized controlled studies over the past 20 years have
shown some efficacy in the use of granulocytes; however, most
of the studies lack power and provide inconclusive evidence.

Nevertheless, there is increasingly anecdotal evidence that
pooled buffy coat or apheresed granulocytesmay be used to treat
localized, primarily skin infections, unresolving fevers or severe
invasive fungal infections in neutropenic patients.
The largest study so far (RING study) was initially presented

at the 56thAnnualMeeting of theAmerican Society ofHematol-
ogy in San Francisco, and subsequently was published in Blood
in September 2015. The primary end points of the study were
survival and microbial response at 42 days from randomiza-
tion. Both chemotherapy and recipients of haemopoietic stem
cell transplants were eligible to participate. Surprisingly, there
was no statistical difference between the two groups; however,
analysis suggested that patients receiving a high dose (more than
0.6 × 109/L) might benefit.
As HLA alloimmunization has been reported in 17% of

patients, patients who are transplantation candidates should be
re-tested after granulocyte transfusions to ensure the absence of
HLA antibodies directed against the potential donor. Thismight
be more relevant in recipients of haploidentical transplants.

Granulocyte colony-stimulating factor (G-CSF)

Myelosuppression due to cytotoxic drugs is a major limiting fac-
tor in the treatment of leukaemia. Neutropenia places patients at
a high risk of fever, infections, septicaemia and ultimately death.
Three prophylactic strategies that have garnered much atten-

tion are: prophylactic antibiotics with antibacterial and antifun-
gal agents, prophylactic G-CSF and mandatory hospitalization
during profound neutropenia. G-CSF was licensed in 1991 by
the United States Food and Drug Administration (FDA) for use
in patients undergoing cytotoxic treatment for decreasing the
incidence of febrile neutropenia (FN) and reducing the duration
of neutropenia and fever followingmyeloablative chemotherapy.
The American Society of Clinical Oncology (ASCO), the

American National Comprehensive Cancer Network (NCCN)
and the European Organisation for Research and Treatment
of Cancer (EORTC) have set-up guidelines for the use of
G-CSF and GM-CSF in patients receiving chemotherapy with
the objective of preventing fever and infections and to maintain
chemotherapy dose intensity. They advocate the use of colony-
stimulating factors to prevent FN in patients at a >20% risk for
fever. Risk factors for FN include prior chemotherapy, abnormal
hepatic and renal function, low white blood count, chemother-
apy and planned delivery of≥ 85% of the dose of chemotherapy.
The efficacy of G-CSF administered during and/or after

induction chemotherapy in patients with AML or acute lym-
phoblastic leukaemia (ALL) has been examined in randomized,
multicentre trials.
Conflicting results are available concerning the use of G-CSF,

although results of a meta-analysis suggest that use of colony-
stimulating factors in febrile neutropenia accelerates neutrophil
recovery and reduces the duration of hospitalization. ASCO
guidelines do not recommend the routine use of G-CSF in

402



Chapter 23 Supportive care in the management of leukaemia

patients with afebrile neutropenia; however, the use of G-CSF
should be considered in patients with febrile neutropenia who
have risk factors predictive of a poor outcome or who are at high
risk of infection-associated complications.
Dose intensification is being investigated in an attempt to

improve outcomes in patients with cancer. Administration of
G-CSF permits the use of intensified myelotoxic chemother-
apy regimens that would otherwise not be tolerated. Indeed,
ASCO guidelines state that primary prophylaxis with G-CSF is
essential in patients receiving certain dose-dense chemother-
apy regimens and EORTC guidelines state that prophylactic
G-CSF should be administered as supportive treatment in set-
tings where chemotherapy dose intensification has been shown
to be associated with survival benefits.
In conclusion, prophylaxis with G-CSF can shorten the dura-

tion of chemotherapy-induced neutropenia in patients with
leukaemia, as well as shortening the duration of hospitalization
for infection and the duration of intravenous antibacterial ther-
apy. In addition, G-CSF prophylaxis can facilitate the adminis-
tration of dose intensity.

Infections

Infection in leukaemic patients is often life-threatening, if not
lethal, and significantly contributes to morbidity in both com-
munity and hospital settings during chemotherapy. Infection
risk in leukaemia relates not only to the destruction of formed
elements of the blood responsible for immunity, but also to its
treatment, which causes additional and profound destruction of
innate immunity and damage to the body’s physical barriers.
Patients with leukaemia are at risk of invasive infection with

many organisms, some typically considered benign – many of
which are part of endogenous flora – from the gastrointesti-
nal tract, oropharynx or skin, but also myriad opportunistic
pathogens, many of which exist in the environment. This is in
addition to infectionwith the ‘professional pathogens’ that afflict
the non-immunosuppressed, infection with hospital strains of
bacteria and simultaneous infection with multiple pathogens.
Table 23.1 lists important pathogens in this patient cohort. Table
23.2 lists the locations of access for endogenous bacteria fre-
quently causing invasive infection.
There have been marked changes in the aetiology of infec-

tions in leukaemia over recent decades; notably, an increase in
Gram-positive bacteraemias and a rise in Gram-negative organ-
ism antibiotic resistance. This may relate in part to the generally
unwise use of quinolone antibiotic prophylaxis.
Patients with leukaemia are repeatedly exposed to both antibi-

otics and the hospital environment, increasing the risk of both
colonization and infection with antibiotic-resistant organisms.
Table 23.3 lists those host factors responsible for increasing

the risk and severity of infection. Most patients will have more
than one such risk factor.

These factors – especially chemotherapy – confound ‘pre-
dictable’ patterns of infection, flowing from the primary ‘phago-
cytic failure’ of myeloid leukaemia, cell-mediated, lymphocyte-
generated immunity, or both. These are inextricably linked,
making predictive rules of risk and organism type far from
absolute.
Risk of infection always increases with the depth and duration

of neutropenia. Bacterial infections can occur at any stage during
neutropenia, whilst fungal infections typically occur later – inva-
sive Candida infections after 7 days of neutropenia and invasive
moulds such asAspergillus spp. after around 14 days, with peak
incidence paradoxically around the time of neutrophil recovery.
Invasive fungal disease (IFD) carries considerable morbid-

ity and mortality. High IFD risk is associated with induction
chemotherapy for AML and MDS, purine analogue therapy
(such as fludarabine and high-dose cytarabine) and Allogeneic
stem cell transplant recipients (Allo SCT) with GVHD neces-
sitating corticosteroids. Patients classified as being ‘high risk’
should be considered for antifungal prophylaxis with agents
active against both yeasts and moulds.

Febrile neutropenia

There are many possible causes of fever in neutropenic patients,
including infection and infusion of blood products, drug reac-
tions, mucositis, tumour lysis syndrome, total body irradia-
tion and GVHD. Fever, however, remains the main and often
sole manifestation of infection; febrile episodes mandate thor-
ough clinical assessment and instant administration of empiric
antibiotic therapy. Individual patients’ degree and duration of
immunosuppression and treatment must be considered when
evaluating the most likely aetiology of their symptoms.
A full clinical examination must be performed, including

of the skin, oropharynx, vascular access devices and perianal
region (Figure 23.1).
Blood cultures must be taken at the onset of fever and prior

to antibiotic administration. At least two sets are recommended,
taken peripherally and from any vascular access device – ideally
from each lumen; 10–15 mL of blood should be inoculated into
each bottle (aerobic and anaerobic) – volumes lesser or greater
than thiswill reduce diagnostic yield. Blood cultures are typically
incubated for 5 days; most cultures from bacteremic patients are
positive within 24 hours. Microscopy of a positive blood culture
will guide antimicrobial therapy by Gram reaction and organ-
ism morphology. A full identity is normally obtained within
24–48 hours. Recent advances in molecular diagnostics suggest
that such delays will soon fall away.

Empirical antibiotic therapy

Febrile neutropenia is only confirmed microbiologically in
<30% of cases and the majority of infections in febrile neu-
tropenic patients must therefore be treated empirically. Febrile
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Table 23.1 Important pathogens in leukaemia patients.

Bacteria
Endogenous/exogenous source of infection, notable
characteristics

Gram-positive bacteria Coagulase-negative staphylococci Endogenous
Staphylococcus aureus Endogenous
Enterococcus spp. Endogenous
Viridans group streptococci Endogenous
Streptococcus pneumoniae Endogenous
Streptococcus pyogenes Endogenous

Gram-negative bacteria Escherichia coli Endogenous
Klebsiella spp. Endogenous
Enterobacter cloacae Endogenous
Pseudomonas aeruginosa Endogenous or exogenous; associated with water;

colonizes medical devices
Acinetobacter spp. Exogenous

Typically acquired in the intensive care unit
environment. Forms resistant biofilms on devices,
often multi-resistant, and survives in the
environment

Stenotrophomonas maltophilia Exogenous
Low virulence organism typically unable to overcome
host barriers. Infection associated with carbapenem
use, to which it is constitutively resistant

Yeasts and moulds Candida spp. Responsible for both superficial skin and mucosal
infections and fungemia

Aspergillus spp. Causes rapidly progressive pneumonia
Responsible for ca. 90% of invasive fungal infection in
this cohort, of which >90% are pulmonary

Pneumocystis jirovecii Rare in this group; but not negligible
Cryptococcus spp. Rare cause of pneumonia and meningitis
C. immitis, H. capsulatum, B. dermatitidis,

P. brasiliensis, sporotrichosis, P. marneffei
Endemic, geographically limited highly virulent
pathogens

Zygomycetes, Fusarium, Scedosporium spp. Low pathogenicity; tendency to produce skin lesions,
disseminated disease and high mortality; difficult to
treat

neutropenia with bacteraemia is exceedingly dangerous and
is a medical emergency. Mortality varies considerably and can
be as high as 40%. Unrecognized or incorrectly treated Gram-
negative bacteraemia carries a mortality of over 95%. Accord-
ingly, febrile neutropenic patients must be immediately treated
with broad-spectrum antibiotics with antipseudomonal activity,
typically a β-lactam/β-lactamase inhibitor combination (such as
piperacillin/tazobactam) or carbapenem (meropenem). The lat-
ter can also be used in most cases of penicillin allergy, although
some cross reaction does exist. Rising global levels of antibiotic
resistance prompt the use of more than one empiric antibiotic
of a different class to minimize chances of treatment failure.
Individual units must appraise themselves of their and their
country’s resistance patterns and tailor empirical therapy
accordingly. Subsequent isolation of a pathogen and its

sensitivities will then drive evidence-based, focused de-
escalation in most cases. Current patterns of resistance in most
countries suggest addition of an aminoglycoside (gentamicin
or amikacin) to the initial β-lactam/β-lactamase inhibitor
combination or carbapenem (meropenem). Such initial dual
therapy should be considered mandatory in severe cases of
sepsis, especially in the presence of shock.
MRSA colonization or suspected line infection prompts use

of additional therapy with vancomycin or teicoplanin. Previ-
ous blood and urine culture/infection results should be sought,
to include antibiotic susceptibility data. Previous infection with
resistant organisms mandates the choice of empiric therapy
remaining effective. This rule is becoming ever more impor-
tant in view of the inexorable global rise in Gram-negative resis-
tance, including carbapenems. Some countries (such as the UK)
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Table 23.2 Locations of access for endogenous bacteria frequently causing invasive infection.

Typical context of
pathogenicity Important considerations

Skin Coagulase-negative
staphylococci

Line-associated infections Biofilm formers
Often highly antibiotic resistant

Corynebacterium spp. Bacteraemia associated with
indwelling devices

C. jeikeium has a predilection
for bacteremia via iv devices in
this group

Propionibacterium acnes Rare cause of endocarditis and
septic arthritis

Invasive infection often
associated with indwelling
prostheses

Oropharynx Anaerobes Dental abscesses Often associated with
polymicrobial infections

Viridans streptococci Dental plaque and caries
Opportunistic cause of

infective endocarditis

Pre-existing gum and tooth
disease may relapse during
chemotherapy

Nasopharynx and upper
respiratory tract

Streptococcus
pneumoniae

Pneumonia, otitis media,
bacteraemia, meningitis

Risk markedly increased in
asplenia or decreased serum
[IgG]. Polyvalent vaccine
available but not necessarily
effective in leukaemia

GI tract Enterobacter cloacae Urinary tract infections,
bacteraemia

Resistant to beta-lactam
antibiotics except
carbapenems in some
countries

Enterococcus faecalis Bacteraemia, endocarditis,
urinary tract infections

Typically replaced by
Enterococcus faecium (which
is more resistant) following
antibiotic treatment

Escherichia coli Urinary tract infections,
bacteraemia

Often spontaneously translocates
from the gut in neutropenia

Klebsiella pneumoniae Urinary tract infections,
bacteraemia

Often highly antibiotic resistant.
Forms resilient biofilms on
plastic.

suggest testing for multidrug resistant (MDR) organism car-
riage, usually by means of a rectal swab. The prevalence of such
MDR organisms in some countries has now reached epidemic
proportions; in some cases threatening elective chemotherapeu-
tic treatment, as no antibiotics can be relied on to be effective in
the case of bacteraemia – which if untreatable carries a mortal-
ity in excess of 95%. Antimicrobial choice should mirror local
guidelines.
Immediate use of empirical antifungal agents is discour-

aged. Antifungal treatment should be considered in neutropenic
patients with fever non-responsive to broad-spectrum antibi-
otic therapy and clinical or radiological signs supporting the
diagnosis of invasive fungal disease. There are several impor-
tant considerations to the choice of antifungal agent, including
evidence of pre-existing fungal colonization (such as Candida
colonization of skin/oropharynx) and local epidemiological

surveillance of prevalent fungal pathogens; this is discussed in
greater detail below (Figure 23.2).

Investigating febrile neutropenic episodes

Whilstmost febrile neutropenic episodes are not associated with
localizing symptoms or signs, any focal sign or symptommust be
mandatorily investigated, as source control is paramount.

Respiratory symptoms
A chest radiograph must be performed on all patients with res-
piratory symptoms.
The differential diagnosis involves bacterial, viral and fun-

gal causes; the diagnostic possibilities of the last are very wide.
Serumantibody tests are essentially useless. Correctly taken viral
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Table 23.3 Host factors responsible for increasing the risk and
severity of infection.

� Age
� Metabolic disturbance:
◦ Acidosis
◦ Diabetes
◦ Iron overload

� Neutropenia
� Dys/hypogammagobulinaemia
� Failure of T-cell-mediated acquired immune pathways
� Treatment:
◦ Chemotherapeutic agent, particularly:

� Anthracyclines
� Cytarabine
� Purine analogues, e.g. fludarabine

◦ Corticosteroids
◦ Irradiation
◦ Antibiotic prophylaxis – this selects for organisms with
innate or acquired resistance to that agent, as well as
increasing the risk of candidaemia
◦ Gastric acid suppression – associated with an increased
predisposition to invasive infection with streptococci as well
as Clostridium difficile

� Breaches of physical barriers to infection:
◦ Skin breaks
◦ Mucositis
◦ Chemotherapy-induced colitis
◦ Perianal disease

� Vascular access devices

swabs of the retropharynx are essential and should be submit-
ted at least for PCR-determined diagnosis of influenza, parain-
fluenza subtypes, adenovirus,metapneumovirus and respiratory
syncytial virus.

Knowledge of these agents’ behaviour and epidemiology is
key: influenza is inverse in its seasonality with respect to parain-
fluenza and is related to hemisphere; both are equally dan-
gerous for Allo SCT patients. Respiratory syncytial virus and
the coronaviruses show similar seasonal patterns to influenza;
adenovirus and metapneumovirus have no seasonality. Myco-
plasma pneumoniae and Chlamydia pneumoniae usually
occur in the context of community outbreaks and are therefore
unlikely in patients with prolonged hospital admissions.
Prolonged neutropenia and persistent fever in spite of antibi-

otic therapy mandates high-resolution CT imaging to examine
evidence of pulmonary fungal disease. Broncheoalveolar lavage
(BAL) and preferably tissue samples are infinitely superior to
radiological abnormality per se. BAL is useful even though in the
absence of biopsy, especially as the patient has usually already
been treated with multiple anti-infective agents, it reduces the
yield of useful information to approximately 20%.
Aspergillus spp. are responsible for over 90% of respiratory

fungal infections in neutropenic patients and may be associ-
ated with pleuritic pain and haemoptysis. Detection of galac-
tomannan (a component of the Aspergillus cell wall) in serum
is considered useful by some; issues of sensitivity and false pos-
itivity secondary to some antibiotics and diet, together with the
need for repeated serial testing limits performance, which nev-
ertheless improves for bronchial lavage or other body fluids.
β-glucan estimation is not mould-specific, but might emerge as
an alternative serological diagnostic test. It is most likely use-
ful for exclusion. Most instead rely on strong clinical, micro-
biological or radiological evidence for initiation of antifungal
treatment. Recovery from neutropenia may drive radiographic
worsening of fungal lesions; not be misinterpreted as failure, but
rather as radiologicallymore impressive ‘hardening’ of lesions as
these become necrotic and haemorrhagic. There are currently
no standardized and validated PCR-based serum diagnostics;

Weeks 1 2 3 4 5 6 7 8

Neutropenia

Organism Bacteria

Yeast

Mould

Site Blood

Skin

Lung

Intra-abdominal

Investigations Blood cultures

Biopsy of any skin lesions

HRCT, BAL, biopsy of focal
lung lesions 

USS/CT abdomen,
biopsy of lesions 

Figure 23.1 Infective causes of fever in
chemotherapy-induced neutropenia as
these relate to time.
N.B. The above general trends are not
absolute as each patient journey will be
different for reasons of underlying host
constitution, pre-existing comorbidities,
chemotherapeutic regimens and
interventions.
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Anaerobes Gram positive Gram negative
MR
SA

Staphylo-
coccus
aureus

Entero-
coccus

β-
haemolytic
streptococci:
S. pyogenes
Group B
strep 

α-haemolytic
streptococci:
Viridans group
strep
S. pneumoniae 

E. coli Klebsiella Enterobacter
Serratia
Citrobacter

Pseudomonas

Teicoplanin/Vancomycin
Gentamicin/amikacin

Penicillin
Amoxicillin/ampicillin

Co-Amoxiclav
Piperacillin tazobactam
Flucloxacillin

Erythromycin/clindamycin
Cefuroxime/ceftriaxone
Ceftazidime

Ciprofloxacin/ofloxacin
Levofloxacin

Meropenem
Ertapenem

Linezolid
Metronidazole

Figure 23.2 The spectrum of antimicrobial activity of commonly
used antibiotics.
N.B. This table refers to predicted spectrum of action. In reality,
acquired resistance has been described for almost all the bacterial

groups listed. The degree to which this has developed varies by
country and location, and is in some cases endemic to the point
where some antibiotics are no longer predicted to be effective
at all.

this may reflect Aspergillus spp. tendency to remain fixed in
tissues.
Patients with leukaemia are at a greater risk of Mycobac-

terium tuberculosis infection. Neither the tuberculin skin test
nor interferon-γ release assays are to be relied on in such patients
as the tests require intact cellular immunity. Microscopy show-
ing acid fast bacilli and/or culture positivity forM. tuberculosis
should prompt both expert advice and an infection control ‘look
back’ for possibly exposed contacts.
Other opportunistic respiratory pathogens, including

Toxoplasma gondii, atypical mycobacteria and Nocardia must
always be considered. In patients with dyspnoea and hypoxia,
particularly on exertion, Pneumocystis jiroveci pneumo-
nia (previously Pneumocystis carinii pneumonia) must be
excluded.
The breadth of possible pathogens highlights the importance

of obtaining diagnostic sputum, BAL and/or tissue samples and
PCR-based diagnostics whenever possible.

Abdominal symptoms
Patients with acute leukaemia frequently suffer from gas-
trointestinal symptoms, particularly diarrhoea – usually

chemotherapy-induced – but sometimes infective in origin.
Diarrhoeal stool should be sent for culture and if persistent or
accompanied by abdominal pain, imaging evidence of colitis
or associated with fever, should also be sent for analysis for
Clostridium difficile infection.
Neutropenic, acutely unwell patients with abdominal pain,

may have neutropenic enterocolitis. This is a life-threatening
condition with a high mortality rate and its management
remains contentious. Early recognition is essential and most
patients respond to prompt treatment with broad-spectrum
parenteral antibiotics, typically a carbapenem alongside
supportive management. Antidiarrhoeal agents must not
be used.
Neutropenic patients with persistent fever despite antibiotic

treatment and with no evidence of a focus of infection should
have abdominal imaging –with ultrasound in the first instance –
even in the absence of abdominal symptoms, to investigate for
evidence of hepatosplenic abscesses. Any identified lesions in the
liver and/or spleen should be biopsied if at all possible. This is
because whilst Candida spp. remains the most likely causative
pathogen of multiple hepatosplenic lesions, a very broad range
of alternative causative pathogens exists, includingmany species
of bacteria, mycobacteria and fungi.
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Urine should be sent for culture in patients with urinary
symptoms, and in Allo SCT recipients with haematuria for
adenovirus and BK virus PCR.

Skin lesions
Skin lesions often represent the metastatic spread of infec-
tion and punch biopsies should always be taken (even in
thrombocytopenic patients) for histopathology, culture and
ideally for PCR analysis. Of particular concern is ecthyma gan-
grenosum: ulcerative lesions with necrotic centres typically seen
in the perineum, axillae and submammary regions, caused by
systemic Pseudomonas aeruginosa infection and associated
with a highmortality rate. Patientswith this condition are invari-
ably exceedingly toxic with concurrent Pseudomonas bacter-
aemia. Fungi, particularly Aspergillus, Candida and Fusarium
spp., can also disseminate to the skin. The latter organisms also
often involve the retina; fundoscopy is mandatory in such cases
to interdict permanent blindness if possible. Atypical mycobac-
teria also present with skin lesions, typically nodules. Some are
relatively benign and will extinguish with relatively little therapy
in cases where the source of the atypical organisms is the intra-
venous access device.

Infection of, and via, vascular access devices
If there is clinical evidence of infection at the site of a vascu-
lar access device, or if the patient’s febrile episodes correlate
with line use, the device should be removed if possible. The
degree to which line removal becomes mandatory depends on
the organism associated with it, as some are far more capable
of driving septic shock and/or serious morbidities than others.
Accordingly, we consider line-associated Pseudomonas aerugi-
nosa, Staphylococcus aureus,Klebsiella spp. andCandida spp.
mandatory reasons for immediate removal. This relates to their
inherently pathogenic nature, capacity for metastatic spread to
heart valves and joints, aswell as adherence to plastic and biofilm
formation, making medical therapy bound to fail.

It is also very important to differentiate between intralumi-
nal colonization (usually with no local evidence of infection)
and local infection around the catheter site. The former may
be amenable to antibiotic ‘treatment’ of the line – so-called
‘line locks’; the latter will never be ‘cured’ by anything but line
removal, as the infection is perpetuated at the avascular tis-
sue/plastic interface and therefore not amenable to antibiotic-
mediated killing. A protocol for intravascular line management
is shown in Figure 23.3.
Suspect intravascular lines should always be removed. E.

coli, however, is not a biofilm former. Accordingly, E. coli bac-
teraemia should prompt the search for an alternative source
(translocation, urinary tract infection, etc.) rather than auto-
matic line removal.
In the context of a febrile neutropenic patient with a suspected

line infection, vancomycin or teicoplanin should be added to
the empirical antibiotic regimen. Lines infected with coagulase-
negative Staphylococci may be salvageable with combined sys-
temic antibiotics and antibiotic line locks.
If the patient remains febrile following the removal of the line,

perform an ultrasound scan to examine for infected thrombus
at the line site, however profoundly thrombocytopenic the
patient is.

Invasive fungal infection
This remains one of the most significant challenges to effective
treatment and outcomes for this group of patients. Much evi-
dence suggests that length of neutropenia, initial chemotherapy
cycles for acutemyeloid leukaemia, high-dose steroids and graft-
versus-host disease drives susceptibility. Risk of IFD is highest
for patients undergoing remission induction chemotherapy for
AML and MDS, those treated with purine analogues (fludara-
bine, high-dose cytarabine) and allogeneic stem cell Allo SCT
recipients with severe chronic GVHD needing steroids. There is
a hierarchy of risk in such conditions, making clear, calculable
definitions of risk difficult.

Mandatory

• Loss of blood pressure with line use
• Loss of blood pressure with no other
 identifiable source
• P. aeruginosa bacteraemia
• Possible/probable/likely/proven
 source of fungaemia

Possibly amenable to preservation

• Fever with little systemic upset
• Proven coagulase negative
 staphylococcal bacteraemia
• E. coli bacteraemia

• Klebsiella (or other gram negative
 other than E. coli) bacteraemia, not
 of suspected gut origin
• Atypical mycobacteraemia, unless of
 proven other focus
• Evidence of local, line-associated
 soft tissue infection
• Persistent fever with negative blood
 cultures and no other focus

Likely essential

Figure 23.3 Line management options as
these relate to clinical and bacteriological
factors.
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Liposomal amphotericin, echinocandins or voriconazole
form the mainstay of antifungal treatment; voriconazole pos-
sessesmany side-effects, is unpredictablymetabolized and inter-
acts with many drugs, making its use often difficult. Liposomal
amphotericin is active against almost all fungal pathogens, whilst
voriconazole has a similarly broad spectrum of action except for
lacking activity against Mucor spp. Intrinsic and/or inducible
resistance to both agents is rare, but nevertheless exists, such
as Candida lusitaniae for the former, and azole resistance in
Aspergillus spp. is increasingly recognized in Europe, probably
driven by widespread agricultural use.
In some countries Candida spp. are the commonest cause

of IFD in neutropenic patients; patients with leukaemia often
have additional risk factors for candidaemia including mucosal
disruption, vascular access devices and treatment with broad-
spectrum antibiotics – in some cases unnecessary and exces-
sive. Fluconazole has good activity against C. albicans, most
non-albicans Candida and Cryptococcus spp., but is not active
against moulds: Aspergillus spp., Mucor spp. and Fusarium
spp. Flucytosine, the echinocandins and itraconazole have a sim-
ilar spectrum of activity to fluconazole but itraconazole is active
against Aspergillus spp., and the echinocandins lack activity
against Cryptococcus spp.
Patients classified as being at ‘high risk’ of invasive fungal dis-

ease should be considered for antifungal prophylaxis with agents
active against both yeasts and moulds. Such classifications drive
the use of prophylactic antifungal agents, administered during
critical periods of chemotherapy-induced neutropenia. Azoles
are agents of choice here; data for posaconazole prophylaxis are
particularly strong.
Interestingly, many units continue to believe that it is accept-

able for such prophylaxis to only be for yeasts, such as
Candida albicans, using the widely used agent fluconazole.
Unfortunately, the really dangerous pathogen in this setting is
Aspergillus spp. – either fumigatus or flavus in most cases.
These moulds are not susceptible to fluconazole. For this rea-
son the use of mould-active agents in situations of ‘high risk’ for
invasive fungal infection is important if not mandatory. There
are country-specific differences in choice of prophylactic agent
here; drivers for choice include local preference, marketing pres-
sures and, of course, cost. Mould-active agents include the sub-
sequent generations of triazole antifungals, such as itraconazole,
voriconazole (almost exclusively reserved for treatment rather
than prophylaxis) and posaconazole. All have some advantage
over the others; and all have their own disadvantages. More
recent strong evidence indicates that posaconazole is particu-
larly effective in reducing the incidence of invasive mould infec-
tion in such patients; the drug, however, is expensive and (like
other azoles except fluconazole) has variable and unpredictable
oral absorption profile in its syrup form. This relates to its
lipophilic properties, shared with the other azoles apart from
fluconazole. All rely on an acid pH for ionization and absorp-
tion; this is often impeded by the concurrent administration

of powerful antacid medication, including H2 blockers and
proton pump inhibitors. A different oral tablet formulation of
posaconazole with better absorption is now available.

Treatment of proven focal infection
Antimicrobial therapy should be tailored according to any posi-
tive microbiological results. What is found has a very close rela-
tion to where it is found. For example, rapidly evolving, painful
skin lesions in the presence of neutropenia, which progress to
necrosis in a matter of hours, represent a clinical emergency.
These lesions are almost invariably driven by Pseudomonas
aeruginosa, and are termed lesions of ecthyma gangrenosum.
This condition may spontaneously appear either on the limbs,
the face or the genitalia and can be lethal within 12 hours. Some
strains of P. aeruginosa are known to contain virulence genes,
which code for exceedingly cytolytic toxins. These kill adjacent
tissue, which then, devoid of blood supply and therefore antibi-
otics, acts as yet more material for further unhindered growth
and penetration into more tissue. This condition can be very
rapidly lethal and the smallest necrotic lesion, when associated
with neutropenia, must be immediately excised and sent for
culture and histology. This is particularly important for geni-
talia, where large areas of skin and subcutaneous tissue can be
lost forever in a matter of hours, leading to the need for subse-
quent reconstructive plastic surgery; this is in addition to the
commonly associated and potentially lethal dissemination of
P. aeruginosa into the bloodstream.

Respiratory system

Fever and pulmonary symptoms in this patient group are
particularly common. Other than that provided by PCR for
viruses from a pharyngeal swab, diagnosis is rare: clinical neces-
sity drives prescription of very broad-spectrum antibacterial
agents, which result in resolution in most cases. Potentially
diagnostic bronchoscopy and bronchoalveolar lavage is often
not performed, or performed too late; this relates to its rel-
atively poor diagnostic yield, especially in view of the reluc-
tance to perform transbronchial biopsies in the presence of
thrombocytopenia.
High-resolution CT scan appearances, especially if inter-

preted by those with experience, can be very useful. They can
(for example) document diffuse, usually bilateral parenchy-
mal abnormalities, suggesting a diagnosis of either virus or
Pneumocystis, or ‘classical’ fungal lesions – peripherally dis-
tributed relatively soft nodules of varying size, ignoring anatom-
ical margins and often accompanied by a ‘halo’, or alternatively
larger, cavitating lesions, whichmight be amenable toCT-guided
biopsy. Finally, bacterial infection due to Pneumococcus or
Haemophilus spp. usually appears as more confluent areas of
anatomically well-defined consolidation.
In reality, more aggressive efforts to make a diagnosis are

often triggered by failure of initial antibacterial therapy – often
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followed by a trial of broad-spectrum antifungal therapy, which
also produces no clinical benefit, with persisting fever and pro-
gression of CT scan appearances. It is at this point that the rarer
causes of pulmonary disease in such patients needs to be consid-
ered – and the differential diagnosis remains very wide. Of note
here is the possibility that Aspergillus spp. may still be respon-
sible for antifungal-unresponsive disease, especially in the pres-
ence of uncontrolled malignancy. The reasons why an identi-
cal fungus, with (presumably) identical tissue concentrations
of antifungal agents of proven efficacy should fail to be ade-
quately treated if there is persisting and activemalignancy are far
from clear. Finally, other agents capable of causing pulmonary
disease, such as Nocardia spp., Mycobacterium tuberculosis,
Toxoplasma gondii, and endemic moulds such asHistoplasma
and Cryptococcus spp., as well as rarer moulds should also be
borne in mind in this exquisitely susceptible patient group.

Gastrointestinal system

The gastrointestinal tract is not spared concerning infection.
The more important issue relates to the simultaneous and pre-
dictable serious effects of chemotherapy on the gastrointesti-
nal tract, which leads to ulceration and mucosal defects from
mouth to anus. Accordingly, diarrhoea, abdominal pain and
fever can be caused by either chemotherapy-induced destruc-
tion of mucosae (with consequences for bacterial penetration to
deeper tissues and translocation to the blood), or by a primary,
local process of invasion. Over and above this predictable pro-
cess are specific conditions, to be considered in the face of the
‘ordinary’ therapy-induced problems of mucosal destruction.
Accordingly, upper gastrointestinal symptoms may be due to
local infectionwith invasion byCandida spp.,Cytomegalovirus
orHerpes spp; small intestinal symptoms (usually accompanied
by CT-scan evidence of wall thickening) may be due to invasive
fungal enteritis, and diarrhoea, fever, toxicity and abdominal
pain may be due to colonic inflammation secondary to destruc-
tion of local mucosal barriers and local penetration by normal
colonic flora (so-called ‘typhlitis’). Clostridium difficile infec-
tion, with sometimes lethal pseudomembranous colitis, should
always be excluded with relevant stool antigen and toxin tests;
this disease is associated with both neutropenia and disorders of
immunoglobulin synthesis, due to disease or treatment. The sit-
uation ismade farmore difficult becausemany, if not all, of these
symptoms are predictably caused by chemotherapy; clinical vig-
ilance and acumen are needed to identify those patients whose
presentation seems to fall out of the expected pattern. Finally, the
rectum and anal canal are highly susceptible to local invasion by
lower gastrointestinal tract bacteria. The development of rectal
or anal pain, whether or not associated with local signs, should
prompt rapid investigation – with MRI if possible. Pre-existing
defects, such as fistulas and haemorrhoids, will predictably
lead to local problems of bacterial infection in neutropenia –
and mandate immediate institution of rapid, broad-spectrum

antibiotic therapy in order to limit the spread of bacteria to
deeper pelvic tissues.

Skin

The skin can act as a window to diagnosis in patients with
leukaemia. Quite apart from relatively slowly developing lesions
of Leukaemia cutis, the appearance of lesions (especially in
the context of fever and toxicity) should always be considered
as not only ominous, but also an opportunity to make a rapid
diagnosis of myriad infective conditions, many of which have
the skin as part of far more disseminated disease. Immediate
biopsy for histology, viral PCR and culture for both bacteria,
fungi and mycobacteria should be the rule. Papular lesions are
most often associated with disseminated fungal infection with
organisms such as Fusarium or Scedosporium spp., more pla-
nar, initially erythematous lesions may represent disseminated
Varicella zoster and rapidly developing, necrotic lesions may
represent the rapidly lethal ecthyma gangrenosum lesions of
P. aeruginosa and neutropenia. The skin is also the target for
other non-infective conditions such as drug allergy (most often
antibiotics) and little understood conditions, whose histology
reveals inflammatory processes of obscure aetiology.

Vascular access devices

Indwelling vascular access devices, such as Hickman lines
and peripherally inserted central catheters (PICC lines) are all
susceptible to colonization with bacteria, fungi and mycobac-
teria. Development of fever in the absence of another clear
focus should always prompt the possibility that the device is
responsible for the fever, and blood cultures should be taken
via the line lumens (each being cultured separately) as well as
peripherally. Retention of the line in the presence of proven
bloodstream infection with the line as source of infection
is contraindicated with the exception of coagulase-negative
staphylococcal infection, when it is not unreasonable to attempt
to ‘cure’ the line of infection with antibiotic line locks. Gly-
copeptide antibiotics infused into the line lumen and retained
for several hours are in massively higher concentration than
that which might be achieved in tissue and such concentrations
overcome the decreased antibiotic susceptibility of organisms
which are trapped within their own biofilm. Such line locking
is not invariably successful, and persisting fever, bacteraemia,
or both would be an indication for removal.

Antibiotic resistance

The rise of antibiotic resistance in Gram-negative bacteria is
an increasing, global issue; there are few if any ‘new’ antibiotics
in the Pharma pipeline, and better antibiotic stewardship
currently remains the only mitigating strategy. Identification of
colonization or infection of a patient with an antibiotic-resistant
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Table 23.4 Mechanisms of resistance and important considerations flowing therefrom.

Antibiotic Bacteria Comments

Chromosomal AMP C
β-lactamase

Citrobacter freundii
Enterobacter spp.
Morganella morganii
Proteus spp.
Serratia spp.

Able to break down penicillins and cephalosporins
Treatment with third-generation cephalosporins (includes

ceftazidime and ceftriaxone) induces hyperproduction of
resistance enzymes. Not inhibited by clavulanic acid.Usually
require treatment with a carbapenem

Extended spectrum
β-lactamases

Most commonly found in:
E. coli
Klebsiella pneumoniae
Described in other Gram-negative
bacilli

Confer resistance to penicillins and cephalosporins
Usually inhibited by a β-lactamase inhibitor, such as clavulanic acid

Carbapenem Enterobacteriaceae, particularly:
E. coli
Klebsiella pneumoniae
Pseudomonas aeruginosa

Multiple known mechanisms of acquired carbapenem resistance.
Very challenging management. May remain sensitive to
tigecycline, colistin, fosfomycin or aminoglycosides. These
infections often require dual or triple therapy combinations

Methicillin Staphylococcus aureus Resistant to all β-lactams due to altered penicillin binding site. All
UK isolates so far sensitive to glycopeptides (vancomycin and
teicoplanin). Variable sensitivity to doxycycline,
aminoglycosides, trimethoprim and rifampicin. Alternatives:
daptomycin, linezolid.

Vancomycin Enterococcus spp. Vancomycin-resistant enterococci are typically acquired through
exposure to glycopeptide treatment and can lead to persistent
carriage in the GI tract

organism should immediately prompt review of not only
current treatment, but also the empirical antibiotic regimen to
be used should they become febrile at a later date. Table 23.4
shows major antibiotic resistance mechanisms; of note is that
several may coexist, rendering treatment choices exceedingly
limited, if not entirely impossible.

Investigation of persistent fever

Persistent fever with neither positive microbiology, nor an iden-
tified focus of infection, remains an extremely common sce-
nario for patients with leukaemia. Many causes for fever other
than infection exist in these patients, due to the disease itself,
drug-related effects (such as that seen with cytosine arabinoside,
amongst others) or allergy. Most, if not all, patients will be given
empiric antibiotic therapy, as fevers in the presence of neutrope-
nia must be treated. The antibiotic regimen may not need to be
changed unless the patient is unstable, clinically deteriorating or
there is strong clinical evidence of a progressive and local infec-
tive process, such as spreading cellulitis. However, there should
be daily clinical review and consideration as to possible uniden-
tified foci of infection.
It is essential to explore infection risk factors, including the

patient’s country of origin, travel history and pre-existing serol-
ogy if available. Diagnoses to be considered include infections
due to opportunistic organisms allowed to thrive subsequent

to the immunosuppressive effects of their disease, treatment or
both. Examples here include extrapulmonary tuberculosis, dis-
seminated atypical mycobacterial infection, toxoplasmosis and,
in patients with geographic risk factors, malaria, brucellosis and
Strongyloides.
A progressive infective process and/or patient deterioration

requires consideration of antimicrobial change. If the patient
is clinically septic an aminoglycoside (gentamicin or amikacin)
should be added. Worsening skin or soft tissue infection may
be due to many organisms other than the traditional S. aureus
and S. pyogenes. Gram-negative cellulitis may develop in the
face of deep immunosuppression and neutropenia and rapidly
spread to become lethal. The choice of antibiotic in these situ-
ations remains very location specific, as the likely responsible
organisms will carry geographically well-defined sets of resis-
tance mechanisms. Local knowledge is essential for adequate,
timely and effective treatment – and should always be carried
out in partnership with microbiologists. Table 23.5 provides an
initial suggested framework of possibilities and investigation for
such situations, and should ideally always be in partnership with
microbiologists, infectious diseases physicians or both.

When to stop anti-infective agents

Nowhere else in the field of infectious disease and microbi-
ology does the term ‘course of anti-infective agent’ apply less.
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Table 23.5 Suggested initial framework for investigation of persisting fever in leukaemic patients.

Review Of note Action

History Any focal
symptoms?

Social history:

ID/micro review or advice on need for further
investigations, to include optimal imaging
modalities

Check if eosinophilia
Consider:
–Malaria film
–Serial stool samples for ova/cysts/parasites/
PCR

–Serology testing for Brucella, filarial, Lyme
disease, strongyloides, schistosomiasis,
toxoplasmosis as appropriate

–Direct PCR for specific pathogens

Country of birth?
Occupation?
Pets?

Born in the tropics
Contact with fresh water or
animals

Travel history:
Where?
Insect bites?
Animal contacts?
Fresh water contact?

Travel to malarious area
Tick/mosquito bites
Contact with rodents or animal
bites

Schistosomal areas

Lab results FBC Eosinophilia Review social, travel and drug history
LFTs Transaminitis

Raised bilirubin
Abdominal USS
Serology: hepatitis viruses, EBV and CMV if
not already done

Veno-occlusive disease (transplants)
Blood cultures Any previous positive cultures? Repeat peripheral and line cultures

Consider mycobacterial cultures
Review empirical antimicrobial in light of any
previous positive results

Urine culture Any previous positive cultures? Send MSU for culture
If catheterized and specimen of urine reveals
organisms in pure growth thismay be
significant and needs discussion with
microbiology

Bone marrow
culture

Was bone marrow sent for
culture?

Consider sending for prolonged/mycobacterial
culture

Lines Suppuration
Erythema
Swollen limb

Blocked/unable to aspirate? If clinical evidence of infection, remove line
immediately

Blood cultures from line
Send tip if removed
Consider USS site for evidence of thrombus

Skin Focal signs? Focal lesion(s)
Rash

Biopsy for culture and histology if not
pathognomonic

Viral swab
Fungal culture of scrape

Pulmonary Focal signs? Cough or shortness of breath
Purulent sputum or
haemoptysis?

Pleuritic pain
Hypoxia

A chest X-ray is rarely informative.
High-resolution CT scanning imperative
Haemoptysis may reflect thrombocytopenia,
Aspergillus infection, or both

Broncheoalveolar lavage may be useful
Biopsy of focal lesions carries a high rate of
diagnosis; at the expense of risk (bleeding,
pneumothorax)

Abdomen Focal signs? Pain/diarrhoea Consider perforation; neutropenic colitis;
C. difficile

CT scanning useful to examine for bowel
thickening

(Continued)
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Table 23.5 (Continued)

Review Of note Action

Oropharynx Focal signs? Pain
Swelling
Odynophagia

Dental X-rays
Maxillofacial or dental review.
Orthopantogram or skull CT scanning
Ensure adequate anaerobic antibiotic cover if
fever considered of oropharyngeal origin

Consider endoscopy if not neutropenic to
exclude HSV ulceration and oesophageal
Candida

Perianal region Focal signs? Pain, erythema
Discharge
Bleeding

Perianal imaging (typically MRI)
Surgical review to exclude/include fistula

There is little enough evidence base for such a concept in other
than a handful of very well-defined and organism-specific situ-
ations in immunocompetent patients. Leukaemic patients vary
in their susceptibility to infection and their ability to combat
it, either unaided or with the help of modern anti-infectives.
Persisting neutropenia (functional or real) requires a less cav-
alier approach to antibiotic withdrawal; this, however, does not
imply that patients with proven neutropenic sepsis and bacter-
aemia, whose symptoms and signs rapidly disappear on appro-
priate antibiotic therapy, should not have their antibiotics with-
drawn as soon as is practicable. The concept of ‘step-down’ ther-
apy here also seems flawed. When such antibiotics are stopped
in the safe environment of the hospital, the patient will either
quickly relapse and need antibiotic support for longer, or more
likely remain well and free of fever. The concept of ‘oral step-
down’ is strange. Antibiotics are either needed to prevent sepsis,
or they are not. Once the sepsis has resolved, ‘oral step-down’ is
illogical. It does, however, set the scene for generation of antibi-
otic resistance and C. difficile.
The question of when to stop antifungal agents (either intra-

chemotherapy cycle prophylaxis, or treatment for proven or
highly likely disease) is equally fraught with issues that pre-
clude ‘one size fits all’. General rules apply, however: perma-
nent recovery of neutrophil count, complete remission from
leukaemia, evidence of haemorrhagic necrosis of lung lesions
on CT all prompt the possibility of stopping these drugs with
no relapse. Continuing fever, uncontrolled tumour and/or neu-
trophil counts below 0.5 × 109/L all make the decision to stop
more difficult.

Special considerations in bone marrow Allo
SCT recipients

Bone marrow Allo SCT recipients are vulnerable to oppor-
tunistic infection for months if not years following transplanta-
tion, the nature and depth of which relates to transplant type,

conditioning regimen, closeness of HLA match, presence of
GVHDand chimaerism. Prior to engraftment during condition-
ing these patients are at risk of bacteraemiawith gut commensals
due to mucositis, candidaemia almost invariably selected for by
antibiotics, and Herpes simplex re-activation if not adequately
prophylaxed. Cord transplants have a particularly long period of
susceptibility to these agents; extending to perhaps years because
these patients are immunologically naı̈ve and will continue to
suffer defects in both humoral and cell-mediated immunity with
increased susceptibility to both bacteria, viruses and fungi. Until
well-developed antibody responses are made, they will also be
prone to infection with encapsulated bacteria and it is essen-
tial that they are vaccinated against pneumococcus, meningo-
coccus and Haemophilus influenzae type B, although efficacy
remains far from optimal and absolute. Haemopoietic stem cell
Allo SCT recipients should also routinely be re-vaccinated, start-
ing 6 months post vaccination (Table 23.6).

Table 23.6 A typical post-transplant vaccination schedule.

Initiate
vaccination
course No. of doses

6 months Pneumococcal conjugate
vaccination

3

Haemophilus influenzae B 3
Influenza vaccine 1–2, repeat

annually
8–9 months Meningococcal vaccine 1
12 months Diphtheria/tetanus/

pertussis
3

Polio 3
24 months Measles/mumps/rubella

(if immunocompetent)
1–2
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Conclusions

Infections in patients with leukaemia develop both as a conse-
quence of the disease itself, as well as the chemotherapy neces-
sary for remission and/or cure. Febrile neutropenia and sepsis
of bacterial origin represents a clinical emergency and empiric
antibiotic choice must be appropriate and sufficient. Recent
global changes in Gram-negative resistance patterns make these
choices increasingly difficult, and rectal screening for carriage
of multidrug-resistant Gram-negative organisms ahead of the
period of neutropenia is becoming ever more widespread and
essential. Equally, correct management of fungal infection relies
on risk stratification and in appropriate cases, prophylaxis. The
performance of fungal diagnostics are considered suboptimal by
many, making empiric antifungal treatment, usually based on
CT scanning and exclusion of other causes of fever, the norm.
Response rates and ‘cure’ in such patients often relates to the
prognosis of the underlying leukaemia; persistentmalignant dis-
ease very significantly impacts on the ability of these drugs to
eradicate the fungal infection. Finally, viral infections remain
a significant threat for those whose cell-mediated immunity is
poor, either subsequent to disease or to chemotherapy. In addi-
tion,many can rapidly spread through an inpatient haematology
unit should infection control precautions be less than excellent.

Chemotherapy-induced nausea and
vomiting (CINV)

Nausea and vomiting is common in patients undergoing treat-
ment for leukaemia.
Both symptoms are distressing, cause significant morbid-

ity and reduce quality of life. Nausea and vomiting contribute
significantly to nutritional deterioration and increased pain
intensity. The emetogenicity of the chemotherapeutic agents,
repeated chemotherapy cycles and patient risk factors signifi-
cantly influence CINV. The use of a combination of a serotonin
5-HT3 receptor antagonist, dexamethasone and a neurokinin 1
(NK1) receptor antagonist has significantly improved the con-
trol of acute and delayed emesis in single-day chemotherapy.
Palonosetron, a second-generation 5-HT3 receptor antagonist
with a different half-life, a different binding capacity and a differ-
entmechanism of action from the first-generation 5-HT3 recep-
tor antagonists appears to be the most effective agent in its class.
Aprepitant, the first and only agent clinically available in the
NK1 receptor antagonist drug class has been used effectively as
an additive agent to the 5-HT3 receptor antagonists and dexa-
methasone to control CINV. Rolapitant and netupitant are other
NK1 receptor antagonists that are currently in Phase III clin-
ical trials. Olanzapine, a US-FDA approved antipsychotic, has
emerged in recent trials as an effective preventative agent for
CINV, as well as a very effective agent for the treatment of break-
through emesis and nausea.

Clinical trials using gabapentin, cannabinoids and ginger have
not been definitive regarding their efficacy in the prevention of
CINV. Additional studies are necessary for the control of nausea
and for the control of CINV in the clinical settings of multiple-
day chemotherapy and bone marrow transplantation.

Non-pharmacological strategies

Non-pharmacological strategies are very important in the
overall management of the patient. Examples include avoid-
ing food with strong tastes and smells; small but frequent
meals, behavioural approaches (e.g. relaxation) and acupunc-
ture/reflexology.

Nutritional

Chemotherapy side-effects resulting in the deterioration of
dietary intake have been shown to diminish nutritional sta-
tus and quality of life. Malnutrition has also been found to
affect treatment effectiveness. Furthermore, it makes patients
more vulnerable to the side-effects of chemotherapy. Past clin-
ical reports have revealed that malnutrition adversely affects
the possibility of remission in children undergoing induc-
tion chemotherapy for leukaemia. Malnutrition is multifac-
torial and can be affected by factors other than treatment.
Sociodemographic-economic status, inadequate dietary intake,
psychological issues prior to and during treatment, and the
malignancy itself, play a role in the nutritional status and qual-
ity of life of patients.Tube feeding by nasogastric tube can pre-
vent severe weight loss and hypoalbuminaemia inmost patients.
This is more relevant in patients undergoing a haemopoietic
stem cell transplant, as underweight or impaired nutritional sta-
tus was found to increase the risk of early death in both paedi-
atric and adult recipients. In a more recent study in transplant
patients, enteral nutrition was well tolerated and significantly
improved patient outcome by reducing early post-transplant
mortality and GVHD incidence and by inducing more rapid
neutrophil engraftment.

Metabolic complications

Fluid balance

Fluid balance should be monitored carefully in patients treated
with intensive chemotherapy or bone marrow transplanta-
tion. Daily weight monitoring is also equally important. Fluid
input/output monitoring should take place several times within
each 24-hour period in order to be able to observe unwanted
changes in fluid balance and to be able to intervene, if necessary.
Elderly patients are more susceptible to fluid imbalance due to
underlying comorbidities, including congestive heart failure and
reduced GFR, and therefore should be monitored more closely.
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Vomiting is pretty common in patients on chemotherapy and
in combination with diarrhoea and sweating due to pyrexia
might rapidly lead to dehydration. Potential vasodilatation due
to sepsis might exacerbate hypovolaemia and therefore strict
monitoring and fluid replacement should be undertaken.

Hydration prior to cytotoxic agents

Hydration, urine alkalinization (pH 7 to 8), and electrolytemon-
itoring can prevent the hyperuricaemia, hyperphosphataemia,
hypocalcaemia andhyperkalaemia. This ismore relevant at diag-
nosis as the disease bulk is increased and the risk appears to
be higher. The goal of IV hydration is to improve renal perfu-
sion and glomerular filtration, and induce a high urine output
to minimize the likelihood of uric acid or calcium phosphate
precipitation in the tubules. However, IV hydration can lead to
potentially dangerous fluid overload in patients with underlying
acute kidney injury or cardiac dysfunction. Close monitoring is
very important to prevent complications associatedwith tumour
lysis syndrome or fluid overload.

Tumour lysis syndrome

Tumour lysis syndrome (TLS) is an oncologic emergency that
is caused by massive tumour cell lysis with the release of large
amounts of potassium, phosphate and nucleic acids into the sys-
temic circulation. Catabolism of the nucleic acids to uric acid
leads to hyperuricaemia, and the marked increase in uric acid
excretion can result in the precipitation of uric acid in the renal
tubules and can also induce renal vasoconstriction, decreased
renal blood flow and inflammation, resulting in acute kidney
injury. Hyperphosphataemia with calcium phosphate deposi-
tion in the renal tubules can also cause acute kidney injury.
TLS is a frequent complication of advanced stage Burkitt lym-
phoma and acute leukaemia with profound leucocytosis. The
symptoms associated with TLS largely reflect the associated
metabolic abnormalities (hyperkalaemia, hyperphosphataemia,
and hypocalcaemia). They include nausea, vomiting, diarrhoea,
anorexia, lethargy, haematuria, heart failure, cardiac dysrhyth-
mias, seizures, muscle cramps, tetany, syncope and possible
sudden death.
Aggressive intravenous hydration is the cornerstone of pre-

venting TLS and is recommended prior to therapy in all patients
at intermediate or high risk for TLS. Patients at risk for TLS
should initially receive 2–3 L/m2 per day of IV fluid. Urine out-
put should be monitored closely and maintained within a range
of 80–100 mL/m2 per hour. Diuretics can be used to maintain
the urine output, if necessary, but should not be required in
patients with relatively normal renal and cardiac function. The
best diuretic for patients with TLS is unknown; loop diuret-
ics such as furosemide appear preferable because they not only
induce diuresis, but may also increase potassium secretion.

Allopurinol is a hypoxanthine analogue that competitively
inhibits xanthine oxidase, blocking the metabolism of hypoxan-
thine and xanthine to uric acid. Allopurinol effectively decreases
the formation of new uric acid and reduces the incidence of
obstructive uropathy in patients with malignant disease at risk
for TLS.However, there are several limitations to its use. Because
it acts by decreasing uric acid formation, allopurinol does not
reduce the serum uric acid concentration before treatment is
initiated. Thus, for patients with pre-existing hyperuricaemia
(serum uric acid ≥7.5 mg/dL [446 μmol/L]), rasburicase is
the preferred hypouricaemic agent. Allopurinol increases serum
levels of the purine precursors hypoxanthine and xanthine,
whichmay lead to xanthinuria, deposition of xanthine crystals in
the renal tubules, and acute kidney injury. Since allopurinol also
reduces the degradation of other purines, dose reductions of
65–75% are needed in patients being treated with mercapto-
purine or azathioprine. Allopurinol has the potential to inter-
act with a number of other drugs, including cyclophosphamide,
high-dose methotrexate, ampicillin and thiazide diuretics. The
usual allopurinol dose in adults is 100 mg/m2 every 8 hours
(maximum 800 mg per day).
Among patients who are unable to take oral medica-

tions, IV allopurinol can be administered at a dose of 200–
400 mg/m2 per day, in one to three divided doses (maximum
dose 600 mg per day). Treatment is generally initiated 24 to
48 hours before the start of induction chemotherapy and is con-
tinued for up to 3–7 days after until there is normalization of
serum uric acid and no other laboratory evidence of tumour
lysis.
An alternative approach to allopurinol for lowering serum

uric acid levels is to promote the degradation of uric acid by
the administration of urate oxidase (uricase), which catalyses
oxidation of uric acid to the much more water-soluble com-
pound allantoin. Rasburicase is well tolerated, rapidly breaks
down serum uric acid, and is effective in preventing and treat-
ing hyperuricaemia and tumour lysis syndrome (TLS). This
rapid reduction in serum uric acid is in contrast to the effect
of allopurinol, which decreases uric acid formation and there-
fore does not acutely reduce the serum uric acid concentration.
The EMA and FDA dosing guidelines both recommend a ras-
buricase dose of 0.2 mg/kg once daily for up to 7 days. Ras-
buricase is contraindicated in patients with glucose-6-phosphate
dehydrogenase (G6PD) deficiency. Patients being considered
for rasburicase (especially males) who have the potential for
G6PD deficiency should undergo screening prior to initializing
treatment.

Hyperleucocytosis

Hyperleucocytosis is generally defined as an initial white cell
count/blast count of more than 100 × 109/L. There are no tri-
als that prove leucapheresis is of benefit in these patients, but
this procedure is generally safe and should be considered in

415



Postgraduate Haematology

patients with AML, CML and lymphoproliferative disorders
with large lymphocytes (i.e. prolymphocytic leukaemia), pre-
senting with symptomatic hyperleucocytosis, including blurred
vision, headaches and chest symptoms. Since leucapheresis only
temporarily decreases the WBC, early initiation of more defini-
tive therapy should be considered. Anaemic patients with leu-
cocytosis should be transfused with caution as there is a risk of
increased plasma viscocity.

Differentiation syndrome (DS)

Differentiation syndrome (DS), also known as retinoic acid syn-
drome, is themain life-threatening complication of therapy with
differentiating agents (all-trans retinoic acid or arsenic triox-
ide) in patients with acute promyelocytic leukaemia (APL). It
typically occurs during induction therapy with differentiating
agents, especially in patients presenting with high white cell
count at diagnosis or relapsed disease. The median day of onset
of clinicalmanifestations of theDS ranges between 7 and 12 days
after starting therapy with differentiating agents.
This syndrome is characterized by unexplained fever, weight

gain, hypotension, acute respiratory distress with interstitial pul-
monary infiltrates and/or a vascular capillary leak syndrome
leading to acute renal failure. The diagnosis of DS is mainly
based on clinical and radiological features; however, it usually
requires the exclusion of alternative causes that could explain
the signs and symptoms of the syndrome. The early addition of
chemotherapy to ATRA and the administration of high doses
of steroids in the form of dexamethasone at the onset of the
first sign or symptom has reduced the mortality associated with
this syndrome from 30% down to 5% or less. It is recommended
to start treatment with intravenous dexamethasone at a dose of
10 mg twice daily promptly at the very earliest suspicion of DS.
Most patients will show rapid improvement and complete reso-
lution of signs and symptoms after starting intravenous dexa-
methasone. Corticosteroid therapy should be continued until
the complete disappearance of symptoms, and then tapered.
Other supportive measures are also crucial in the correct man-
agement of DS. In the PETHEMA protocols, furosemide is
usually administered to treat signs or symptoms of fluid over-
load. Some cases with refractory acute renal failure and/or fluid
overload may need renal replacement therapy. Invasive or non-
invasive mechanical ventilation is indicated in some patients
with severe acute respiratory failure who do not respond to
high-flow oxygen therapy. Patients with prerenal failure and
hypotension require careful fluid monitoring in conjunction
with inotropic support.
Whether the differentiation agents should be discontinued

when DS takes place remains controversial. It seems likely that
both ATRA and ATO can be safely continued in the major-
ity of patients with DS as long as intravenous dexamethasone
has been started. It is reasonable to temporarily discontinue

ATRA or ATO when DS progresses rapidly, despite starting
dexamethasone, or when DS is presented as a full-blown syn-
drome (i.e. severeDS) orwith severe end-organdysfunction (e.g.
mechanical ventilation or dialysis required). Once the signs and
symptoms of severe DS are completely resolved, the differenti-
ating agent should be re-started and continued until CR and/or
the achievement of minimum length duration of differentiating
therapy.
Fortunately, the vast majority of patients presenting with DS

have a dramatic and rapid resolution of the clinical picture when
treated early with dexamethasone and the appropriate support-
ive measures.

Skin, nail and dental problems

Skin reactions to drug therapy are extremely common.
Chemotherapy drugs can cause dry skin, hyperpigmentation,
discoloration, serpentine hyperpigmentation, photoallergic
reactions and acne (mainly treatment with steroids). Radiation
treatment can cause dry or red skin in the area being treated.
Certain areas are more sensitive than others. Patients should
be encouraged to use moisturizing creams on a regular basis.
They should also protect skin from the sun by wearing a hat
and clothing that covers the arms and legs, and apply sunscreen
with a sun protection factor (SPF) of 30 or higher before going
outside.
Nail changes include:

� Beau’s lines (horizontal depressions of the nail plate). These
skin reactions can occur a fewweeks after a course of chemother-
apy.
� Mee’s lines (white horizontal discoloration of the nail plate
involving the entire nail width).
� Leuconychia (white horizontal discoloration involving partial
nail width).
� Onycholysis (separation or loosening of a fingernail or toenail
from its nail bed).
� Onychodystrophy (malformation of the nail).
Nails should be trimmed and kept clean and gloves should be

worn for house-cleaning at discharge. Occasionally antibiotics
and antifungal agents might be necessary to treat underlying
infections.

Radiation recall

Radiation recall is a skin reaction that can occur when certain
chemotherapy drugs are given after radiation therapy. It usu-
ally appears in the area of skin where the radiation was given.
The skin becomes red and tender. It may also peel or blis-
ter, resembling sunburn. Radiation recall may be treated with
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corticosteroids to lessen inflammation or chemotherapy may be
delayed until the skin heals.

Dental problems

Dental care also is very important. Leukaemia and chemother-
apy can make the mouth sensitive, easily infected and likely to
bleed. Patients should receive a complete dental examination
and, if possible, undergo necessary dental care before
chemotherapy begins, since any existing lesions that might
normally lie dormant can flare up and become life-threatening
once the patient is immunosuppressed. Dental extractions
should preferably be performed at least 10 to 14 days before
the commencement of chemotherapy, so that epithelization of
the extraction site has been completed prior to the initiation
of treatment. Dental procedures that could trigger a bleeding
episode or/and bacteraemia during the aplastic phase should be
avoided. The use of chlorhexidinemouthwash is very important,
primarily during the phase of aplasia. Aesthetic restorations
of the enamel defects are also often necessary, especially after
completion of treatment.

Auditory toxicity

The auditory system is vulnerable to many chemical exposures.
Antibiotics, such as the aminoglycosides, and chemotherapeutic
agents, such as cisplatin, can cause considerable ototoxicity in as
many as 40% of patients. Dosage reduction and regular assess-
ment with auditory studies during the course of therapy might
reduce toxicity and prevent further damage.

Visual toxicity

Ophthalmic complications induced by cytotoxic chemotherapy
are often under-estimated and under-reported due to prior-
ity given to other life-threatening conditions; however, most of
the ophthalmic complications are reversible if detected early
enough. Among the functional complaints are blurred vision,
decreased colour vision, diminished visual acuity, diplopia,
night blindness and photophobia.
Among the drugs used on a regular basis to treat leukaemia,

cytarabine can cause conjunctivitis and methotrexate can cause
oedema, ocular pain, blurred vision, photophobia, conjunctivitis
and blepharitis. Chlorambucil has been reported to cause kerati-
tis and daunorubicine excessive lacrimation and conjunctivitis.
Alemtuzumab can cause optic neuropathy and endophthalmi-
tis. Finally imatinib can cause periorbital oedema in up to 47%
of patients.
The possible reversal of some of these side-effects, if discov-

ered in time, emphasizes the need for clinicians to be aware of
these ocular reactions and suggest immediate consultation by an
ophthalmologist.

Pain

Many leukaemia patients experience bone or joint pain that
results from the bone marrow being heavily infiltrated by
leukaemia cells. Oral and gut mucocytis are probably the most
common site of pain, especially in recipients of high-dose
chemotherapy or total body irradiation. Infections can also
cause pain, especially in areas such as the skin, mouth, eyes and
perianally. Avascular necrosis of bone is another cause of pain in
patients with acute lymphoblastic leukaemia and is often severe
enough to need relief with opiates. Peripheral neuropathy and
associated neuropathic pain is a widespread side-effect of treat-
ment with certain chemotherapeutic agents. The pain associ-
ated with these neurotoxic effects can be prolonged, severe and
relatively resistant to intervention. The overall incidence is not
clearly delineated, although it is documented frequently with
vincristine and platinum-based agents.
A variety of modalities to treat and control pain include:

� Pain control drugs with non-opioid and opioid analgesics
� Neuropathic pain control drugs such as carbemazepine,
gabapentin, and antidepressants (amitriptyline, nortriptyline
and imipramine)
� Continuous pump infusions
� Nerve block therapies
� Psychosocial interventions – stress management, counselling,
coping mechanisms
� Acupuncture
� Massage therapy
� Relaxation techniques.

Palliation

Relapse post chemotherapy or following a bone marrow trans-
plant is a common theme in leukaemia. Intensive salvage
chemotherapy or other modalities can often achieve prolonged
remission; however, refractory unresponsive-to-chemotherapy
disease is not uncommon in this setting. Several experimen-
tal treatments can be offered; however, it is important to weigh
the possible limited benefits of a new treatment against the
possible downsides as quite often further treatment might not
improve the health or change the outcome or survival. Under
these circumstances palliation can be offered to the patient.
Palliative care is a proactive approach involving a multiprofes-
sional team. As well as controlling pain and other distressing
symptoms, it applies a holistic approach to meeting the physi-
cal, practical, functional, social, emotional and spiritual needs of
patients and carers facing progressive illness and bereavement. It
is not uncommon for patients to ask to remain under the care of
the same haematology team; however, the palliative care team
should also be involved as the choice of dying at home versus
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dying in a hospice requires some expertise and external support
better managed by the palliative care services.
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24Chronic myeloid leukaemia
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Introduction

Chronic myeloid leukaemia (chronic granulocytic leukaemia) is
a myeloproliferative neoplasm characterized by rearrangement
of the long arms of chromosome 9 and 22, resulting in the
Philadelphia (Ph) chromosome, creating the fusion oncogene
BCR–ABL1. This genetic event that encodes for a constitutively
active tyrosine kinase occurs in a haemopoietic progenitor and
confers proliferative and antiapoptotic effects. The natural his-
tory of untreated CML is triphasic. It most commonly presents
in chronic phase (CP), characterized by markedly increased
myeloid activity, resulting in increased numbers of morpho-
logically and functionally normal granulocytes, predominantly
comprised of neutrophils andmyelocytes. Basophilia is a distinct
feature of CML, although eosinophilia is also usually present.
Thrombocytosis is commonly seen. Without effective treat-
ment, patients may progress from chronic phase into accel-
erated phase (AP), where myelopoiesis is increasingly ineffec-
tive with a rising blast count, culminating in blastic phase (BP)
when the blast percentage rises further in the context of mar-
row failure. In CML-BP (blast crisis, blastic transformation),
the disease clinically resembles acute leukaemia and the out-
come is dismal. Disease progression used to be almost uni-
versal over a period of 5–10 years, but has been dramatically
reduced in the era of tyrosine kinase inhibitor (TKI) therapy.
For most patients, therapy is expected to be lifelong, though
recent trials suggest that a proportion of patients may be able to
cease their TKI therapy entirely without losing their remission
status.

Epidemiology and aetiology

The incidence of CML in developed nations had been relatively
steady over the last decade and remains at 1–2:100,000, with a
slight male predominance. The disease is most commonly diag-
nosed in the fifth and sixth decades of life in developed coun-
tries. In the developing world, presentations in the third and
fourth decades are more common, possibly reflecting younger
population demographics. CML is rare in the paediatric popu-
lation.
Apart from exposure to ionizing radiation (evidence derived

from epidemiological studies of Hiroshima and Nagasaki
atomic bomb survivors), there is no other known risk fac-
tor leading to the development of CML, whether inherited or
acquired.

Clinical features, natural history,
laboratory haematology and cytogenetics

The laboratory features of CML in its various phases, as defined
in the two most commonly used classifications, are summa-
rized in Table 24.1. TheWHO classification is increasingly gain-
ing acceptance, though the European Leukemia Net (ELN) /
MD Anderson Cancer Center criteria were used to define CP
in many pivotal TKI studies and still have relevance for inter-
pretation of clinical data. An important distinction between the
two is the higher myeloblast count for CML-BP, set by the ELN
(30% rather than 20% used by WHO), and a role for excess
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Table 24.1 Definition of advanced phase CML disease.

ELN WHO

Accelerated phase � PB or BM blast 15–29%
� PB or BM blast + promyelocytes ≥30%
� PB basophils ≥20%
� Platelets ≤100 × 109/L unrelated to therapy
� Clonal evolution

� PB or BM blast 10–19%
� PB basophils ≥20%
� Platelets ≤100× 109/L unrelated to therapy
� Platelets >1000 × 109/L unresponsive to therapy
� Clonal evolution on treatment
� Increasing spleen size and increasing WBC count
unresponsive to therapy

Blast crisis � PB or BM blast ≥30%
� Extramedullary blast proliferation, apart from
spleen

� PB or BM blast 20%
� Extramedullary blast proliferation, apart from
spleen
� Large foci or clusters of blasts in the bone marrow
biopsy

BM, bone marrow; PB, peripheral blood

promyelocytes in the determination of advanced phases, in con-
trast to the WHO criteria (Table 24.1).

Chronic phase (CP)

The majority of patients (around 95%) are diagnosed in CML-
CP. Many are asymptomatic and the diagnosis is often inciden-
tal to investigation for an unrelated medical problem. The most
common presentations include unintentional weight loss, night
sweats, fatigue and splenomegaly (which may cause early satiety
and anorexia). The most striking haematological abnormality
is usually a leucocytosis, with the differential heavily favouring
mature neutrophils, band forms and myelocytes. Eosinophilia
is common, and absolute basophilia is usually present (Figure
24.1a). Absolutemonocytosis is uncommon and, if present, usu-
ally associates with the e1a2 breakpoint (see below). Rarely,
patients may present with a marked thrombocytosis with
only mild leucocytosis. Unlike other myeloproliferative disor-
ders, CML is very rarely associated with arterial or venous
thromboses. Dysplasia is uncommon in CML, and if present,
should prompt consideration of atypical CML as a differential
diagnosis.
The CML-CP marrow is usually grossly hypercellular as a

result of markedly increased myeloid activity (Figure 24.1b).
Myeloid maturation is normal or slightly left shifted, and
blasts are usually less than 5%. The myeloid to erythroid ratio
is markedly increased and megakaryocyte numbers may be
either decreased or increased compared to the normal mar-
row; small, hypolobated forms are common. Increased retic-
ulin fibres are seen in 30% of cases and correlate with larger
spleen size. Pseudo-Gaucher cells and sea blue histiocytes may
be seen secondary to increased numbers of phagocytic cells

amidst increased cell turnover. Although now rarely used,
the leucocyte alkaline phosphatase reaction using naphthol-
ASD-chloroacetate esterase usually results in decreased stain-
ing in CML neutrophils, but increased staining with reactive
neutrophilia.

Accelerated phase (AP)

Whilst CML-CP is characterized by over-production of myeloid
cells, essentially with normal morphology and function, AP
disease is characterized by either impaired differentiation or
drug resistance. There may be an increased myeloblast percent-
age in peripheral blood or marrow, as well as increasing leu-
cocytosis, splenomegaly, basophilia or thrombocytosis, despite
ongoing therapy. Thrombocytopenia, unrelated to therapy, may
herald progressive marrow failure. Cytogenetic abnormalities
additional to those found in the baseline Ph+ clone are often
present at progression to AP, a phenomenon termed clonal evo-
lution. These abnormalities frequently include duplication of
the Ph chromosome, trisomy 8 or 19 and isochromosome 17q.
CML-AP usually progresses to BML-BP within 1–2 years with-
out appropriate treatment.

Blastic phase (BP)

CML-BP is characterized by rapidly rising blast counts andmar-
row failure as a result of uninhibited growth of myeloid precur-
sors with absence of maturation or differentiation. Morpholog-
ically, CML-BP is indistinguishable from other cases of acute
leukaemia. In ∼70% of cases the blasts are of myeloid lineage
by morphology and immunophenotype, and may express anti-
gens associated with granulocytic, monocytic, megakaryocytic
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Figure 24.1 (a) Blood film from a newly diagnosed CML-CP
patient aged 47 years. Leucocytosis is prominent, with increased
neutrophils and myelocytes, but no obvious dysplastic features.
Several myelocytes, a basophil and an eosinophil can be seen
towards the bottom of the photomicrograph. (b) A grossly
hyper-cellular marrow trephine from the same patient. (c) Whole
blood is processed prior to RQ-PCR. Red cell lysis agent is added

to whole blood and a white cell pellet is obtained after
centrifugation. On the right, a newly diagnosed CML patient
yielded a sizable white cell pellet at the bottom of the tube,
compared to that of a normal control on the left. (d) Karyogram
showing the translocation t(9;22). (Source: (d) Ms Sarah Moore,
SA Pathology, Adelaide, Australia. Reproduced with permission.)

or erythroid differentiation. Aberrant expression of lymphoid
markers (e.g. CD7) is common. Blasts in the remaining 25–30%
of cases usually express lymphoid antigens of B lineage. Aber-
rant expression of myeloid antigens in CML lymphoid BP is also
quite common.
Although mixed lineage leukaemia is rare, most cases bear

the t(9;22) lesion. These cases are recognized as a separate entity
under the 2008 WHO classification of haemopoietic neoplasms
and make up <1% of acute leukaemias (see also Chapter 19).

Cytogenetics and molecular biology

The diagnosis of CML rests on demonstration of the Ph chromo-
some with cytogenetic analysis, or the BCR–ABL1 fusion gene
with RT-QPCR (reverse transcriptase quantitative polymerase
chain reaction, also known as RQ-PCR, qRT-PCR or QPCR),
in the context of compatible blood and marrow morphology.
Cytogenetics and RQ-PCR (see below) offer complementary
information and both tests should be performed routinely at
diagnosis.
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Figure 24.2 (a) The t(9;22) translocation leads to juxtaposition of
genetic material from chromosomes 9 and 22, with formation of
two fusion genes BCR–ABL1 and ABL1–BCR, the former being
crucial to the pathogenesis of CML and Ph+ ALL. (b) Fluorescence
in-situ hybridization. Hybridization of an oligonucleotide
sequence complementary to the BCR gene attached to a flurophore
(green in this case) leads to its localization in a metaphase spread.
The same can be done for ABL1 (red in this case). A normal cell
has two red and two green signals. A t(9;22) translocation event

will juxtapose red and green flurophores (with some probe sets
seen as two fused yellow signals), one from BCR–ABL1 and one
from ABL1–BCR (the two signals to the left of the picture). The
remaining red and green signals originate from the normal
chromosome, which is not rearranged. (Source: (b) Ms Sarah
Moore, SA Pathology, Adelaide, Australia. Reproduced with
permission. FISH probe set from Abbott Diagnostics, Vysis LSI
BCR/ABL Dual Color, Dual Fusion Translocation Probe.)

The Ph chromosome was first linked to CML in 1960 by
Nowell andHungerford in Philadelphia. Rowley in 1973 showed
this to be a result of a reciprocal translocation between the long
arms of chromosome 9 and 22 (Figure 24.1d, see also Chap-
ter 19). This event, now denoted as t(9;22)(q34;q11), is known
to fuse the BCR (breakpoint cluster region) and ABL1 genes
together. The resulting BCR–ABL1 fusion gene encodes a con-
stitutively active tyrosine kinase that is central to the pathogen-
esis of Ph+ leukaemias (Figure 24.2a). Variant translocations,
where BCR–ABL1 resides on a third chromosome, is seen in
∼5–10% of patients and may be cryptic, discernible only with
fluorescent in situ hybridization (FISH) analysis (Figure 24.2b).
These variants have little or no bearing on clinical outcome.
Amplification of BCR–ABL1 may result from duplication of
the Ph chromosome, which, along with trisomy 8, i(17q) and
trisomy 19, leads to increased risk of blastic transformation
and together these are referred to as major route cytogenetic
lesions. Cytogenetic analysis at diagnosis remains important for
prognostication as major route lesions are not discernible on
FISH or RQ-PCR. Apart from CML, t(9;22) is also seen in a
number of de novo high-risk acute lymphoblastic leukaemia
cases. The finding of t(9;22) in de novo AML is rare and usu-
ally denotes CML-BP from an undiagnosed antecedent CML-
CP.
The breakpoints of theBCR andABL1 genes occur within the

introns of each gene and are unique to each individual (Figure
24.3). The ABL1 breakpoint is almost invariably located in the
intron between exons 1 and 2, whereas the BCR breakpoint
usually occurs in an intron between exons 13–15. The resulting

fusion transcripts are named e13a2 and e14a2 transcripts
(previously known as b2a2 and b3a2); both may coexist in one
individual due to alternate splicing. These transcripts encode for
a 210 kDa protein product (p210). A breakpoint immediately
downstream of the first BCR exon produces the e1a2 transcript,
which encodes the p190 BCR–ABL1 protein. This is more
commonly seen in Ph+-ALL and is infrequent in CML. Rarely,
the BCR breakpoint occurs between exons 17–20, leading to
the larger p230 protein from the e19a2 transcript, associated
with a more prominent neutrophilia and thrombocytosis. Other
transcripts such as e6a2, e8a2 and e18a2 are also occasionally
reported.
The translocation is carried by the leukaemic stem cell

population, such that both myeloid and lymphoid progeny may
carry t(9;22) in an affected individual. ABL1 is a tyrosine kinase
with multiple substrates. Its activity is tightly regulated by the
phosphorylation status of critical tyrosine residues on ABL1
itself. Juxtaposition of BCR and ABL1 promotes dimerization
of BCR–ABL1 proteins through a coiled-coil domain in BCR
and formation of tetramers through subsequent dimerization of
dimers (Figure 24.4). Critical tyrosine residues are brought into
close proximity with adjacent ABL1 kinase domains, leading to
autophosphorylation and activation. In addition, native ABL1 is
usually regulated by autoinhibition mediated by intramolecular
binding of an N-terminus myristate moiety into the kinase
domain. This myristate moiety is lost through the translocation
event. These modifications lead to constitutive activation of
ABL1, which through downstream messengers, results in
cellular effects such as loss of growth inhibition, decreased
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Figure 24.3 (a and b) Formation of the BCR–ABL1 fusion gene.
Breakpoint in the ABL1 gene almost invariably occurs in the
intron between exons 1–2. In contrast, breakpoints in the BCR
gene may occur in introns between exons 1–2, 13–15 and 19–20.
These regions are also known as the m-BCR,M-BCR and μ-BCR
regions, respectively, and in turn yield the p190, p210 and p230

BCR–ABL1 proteins. The e13a2 and e14a2 transcripts are most
commonly encountered in CML, whereas Ph+ ALL cases are
usually associated with the e1a2 transcript. Other breakpoints
(v-BCR) are also occasionally encountered. (Source: Weerkamp
et al., 2009 [Leukemia; 23: 1106–1117]. Reproduced with
permission of Nature Publishing.)

apoptosis and decreased adherence to bone marrow stromal
cells. Many of the downstream pathways are well studied,
and involve proteins such as RAS/RAF/MEK/ERK, PI3K/AKT,
STAT andMYC (Figure 24.5). BCR–ABL1 also leads to genomic
instability and facilitates disease transformation through accu-
mulation of subsequent genetic lesions. DNA damage, such as

double-stranded breaks, are mediated through increased ROS
(reactive oxygen species) generated by BCR–ABL1. The repair
mechanisms secondary to ROS-associated DNA damage in
BCR–ABL1 positive cells are more error-prone compared to
normal mammalian cells, which in turn contributes to genomic
instability.
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Figure 24.4 The native ABL1 protein possesses either an
auto-inhibitory cap region encoded by exon 1a, or a myristate
moiety encoded by exon 1b. The myristate moiety can fold over
and bind to a pocket on the same ABL1 molecule to exert an
auto-inhibitory effect. Replacement of exon 1a/b with BCR not
only leads to loss of auto-inhibition, but also leads to

tetramerisation through introduction of the coiled-coil domain in
BCR, resulting in cross phosphorylation of critical tyrosine
residues on neighbouring ABL1 and constitutive activation.
(Source: Hantschel & Superti-Furga, 2004 [Nat Rev Mol Cell Biol
2004; 5: 33-44]. Reproduced with permission of Nature.)
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Figure 24.5 BCR–ABL1 is a constitutively active tyrosine kinase
with multiple substrates. Interactions between BCR–ABL1 and
secondary messengers such as GRB2, GAB2, CRKL lead to
inhibition of apoptosis and increased proliferation through

activation of the PI3K/AKT, JAK/STAT and RAS/RAF/MEK
pathways. (Source: Weisberg et al., 2007 [Nat Rev Cancer 2007; B:
345–56]. Reproduced with permission of Nature Publishing.)
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Measurement of residual disease and
monitoring with cytogenetics and BCR–ABL1
RQ-PCR

CML patients receiving therapy are commonly monitored with
blood counts, marrow cytogenetics and molecular assays. A
complete haematological response (CHR), the first treatment
milestone, is achieved with normalization of blood counts and
morphology, as well as resolution of splenomegaly. Achieving
CHR from treatment with cytotoxic agents (such as hydroxycar-
bamide) has little or no impact on the risk of transformation and
can only be regarded as a short-term goal of therapy or palliative
treatment.
When patients are successfully treated with tyrosine kinase

inhibitors that specifically target the Ph+ clone, the risk of trans-
formation starts to fall when a reduction in the overall num-
ber of leukaemic cells can be achieved. Examination of marrow
metaphases will reveal a decreasing proportion of cells with the
Ph chromosome as a proportion of total metaphases examined,
as normal haemopoietic stem cells and their progeny recover.
The proportion of residual Ph+ cells correlate to different lev-
els within a formal classification of cytogenetic responses. Min-
imal and minor cytogenetic responses are defined as a reduc-
tion in the percentage of residual Ph+ metaphases to 66–95%
and 36–65%, respectively. Partial cytogenetic response (PCyR)
equates to 1–35% Ph+ metaphases and patients without Ph+

clones detected on karyotyping are said to have achieved com-
plete cytogenetic response (CCyR). The term major cytogenetic
response (MCyR) is sometimes used to encompass CCyR and
PCyR. Achievement of CCyR is an important milestone and has
been associated with excellent long-term progression-free sur-
vival in multiple clinical studies.
Although cytogenetic examination is a valuable tool formoni-

toring disease response, it is labour intensive, and entails signifi-
cant inconvenience and discomfort for the patient. Furthermore,
it is routine in some laboratories to examine only 20 metaphases
per patient, resulting in a detection sensitivity for residual dis-
ease of ∼5%. FISH may be used as an adjunct to cytogenetics
when the Ph chromosome results from a cryptic translocation.
FISH may also increase the sensitivity of residual disease detec-
tion. Fluorescent fusion signals signifying residual Ph chromo-
somes are easily identified by experienced operators, allowing
for 200–500 metaphases to be examined, correlating to a lower
threshold of detection to ∼1% (Figure 24.2b). However, there is
currently insufficient data to correlate specific clinical outcomes
with various levels of residual disease as detected by FISH, and
this method is not currently recommended for routine disease
response monitoring.
The introduction of imatinib as the first widely effec-

tive therapy stimulated the development, standardization and
widespread implementation of RQ-PCR as a more sensitive dis-
ease monitoring tool. Due to its demonstrated clinical signifi-
cance correlated with specific transcript levels, and the ease of

use, RQ-PCR has gained wide acceptance. BCR–ABL1 RNA
transcripts, whethermeasured froma peripheral blood or a bone
marrow sample, correlates well with the number of residual Ph+

cells. Peripheral blood is more commonly studied as it is conve-
nient to collect and entails less discomfort for the patient. The
transcript numbers of a control gene such as BCR, ABL1 or
GUSB is usually measured from the same sample. The test result
is reported as a ratio of BCR–ABL1 transcripts numbers to con-
trol gene transcript numbers, as a percentage. As RNA is labile,
control gene transcript numbers differentiate acceptable speci-
mens from those subjected to degradation from transport and
storage.
Reporting results on the International Scale (IS) allow

interpatient and intrapatient comparability between different
laboratories through the use of a simple conversion factor. By
convention, 100% IS is a diagnostic baseline value derived from
30 diagnostic samples from the IRIS (International Randomized
Study of Interferon and STI571) study. As well as a ratio, it is
also common to describe the residual tumour burden as a log10
reduction from the standardized baseline, with 10%, 1%, 0.1%
being a 1, 2 and 3 log disease reduction, respectively (Figure
24.6). A 2 log reduction, or BCR–ABL1 of ≤1% IS, is a con-
venient and reliable surrogate for CCyR. A 3 log reduction, or
BCR–ABL1 of ≤0.1% IS, is a milestone response also named
major molecular response (MMR,MMolR), associated with sig-
nificantly superior event-free survival. Deeper responses, such
asMR4, MR4.5 andMR5 have also recently been defined as 4, 4.5
and 5 log tumour reductions, being equivalent to BCR–ABL1 of
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Figure 24.6 Idealized optimal reduction in BCR–ABL1 over
duration of TKI treatment. A RQ-PCR value of 100% on the
international scale is derived from the baseline value of a subgroup
of patients in the IRIS study. After 3 months of TKI treatment,
patients should have a 1 log reduction in their BCR–ABL1 to 10%.
After 6 months, patients should achieve BCR–ABL1 ≤1%, which is
a surrogate for CCyR. After 12 months of therapy, the optimal
response is considered MMR or BCR–ABL1 ≤0.1%. Deeper
molecular responses may follow after a variable period. MR5 or
MR4.5 act as a platform for patients who wish to join TKI cessation
studies. RQ-PCR assays with sensitivity to >5 logs below the
diagnostic baseline are not routinely available.
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≤0.01% IS, 0.0032% IS and 0.001% IS, respectively. (In some lit-
erature, MR5 may be referred to as complete molecular response
or CMR, though this term is no longer favoured.)
In general, patients receiving TKI therapy should have RQ-

PCR testing every 3 months for the first 2 years, then every 3–6
months if MMR is achieved. Patients who fail to achieve time-
dependent treatment targets (see later) may benefit from more
frequent testing. An increase of RQ-PCR value of more than
twofold, associated with loss of previously achieved milestones,
may be a consequence of treatment resistance and is worthy of
further investigation.

Treatment

Monotherapy with a TKI that targets the ABL1 kinase is cur-
rently regarded as standard treatment for CML-CP and AP.
Patients with CML-BPmay be treated either with a TKI alone or
in combinationwith chemotherapy, thoughduration of response
tends to be short without consolidation with an allogeneic
stem cell transplant. Oral cytotoxics, such as hydroxycarbamide
(hydroxyurea), are used commonly for cytoreduction of leuco-
cytosis before confirmation of diagnosis (leucapheresis can also
be used inmore extreme cases). During the initial cytoreduction
phase, it is common to coadminister allopurinol to blunt any rise
in serum urate, and tomonitor for electrolyte disturbances care-
fully. There is no longer any role for oral busulfan for upfront
treatment. Although interferon-α results in durable complete
cytogenetic response in ∼20% of patients, its toxicity precludes
generalized use. Pegylated interferon has more favourable toxic-
ity and efficacy profiles. Its role as a low-dose adjunct to TKIs is
currently being examined in several clinical studies. The combi-
nation of interferon and cytarabine, considered the standard of
care prior to the widespread adoption of TKIs, now has little role
in CML treatment due to its significant toxicity profile.
The characteristics of the five TKIs currently available are dis-

cussed below. Radotinib is encountered rarely outside Asia and
will not be discussed here. Haematological toxicities are com-
monly encountered in the first few months of TKI treatment,
and usually improve with time as re-population of the marrow
by normal Ph-negative clones occurs. Dose intensity, especially
in the initial months of treatment, is critical to the long-term
success of TKI treatment. Supportive measures, such as colony
growth-stimulating factor (GCSF, EPO) or transfusion support
may be used as temporary adjuncts to allow for ongoing TKI
treatment.

Imatinib

Imatinib was the first TKI to be licensed for use in CML. Its
introduction transformed a previously fatal disease for many
into a manageable chronic illness with excellent long-term sur-
vival. Imatinib competitively inhibits tyrosine kinases including

c-kit, ABL1, ABL2, c-FMS and PDGFRB. It binds to inactivated
forms of BCR–ABL1 by occupying the ATP-binding pocket and
prevents conformational changes (such as repositioning of the
‘activation loop’) required for BCR–ABL1 activation.
The Phase III IRIS trial enrolled treatment-näıve CML-CP

patients, whowere randomized to receive either imatinib 400mg
daily, or interferon-α and low-dose cytarabine. Superiority of
the imatinib arm was demonstrated unequivocally, leading to
crossover of 89.2% of the control arm patients by 2 years of
follow-up. At last report, the overall survival for IRIS patients
randomized to the imatinib arm was 85% at 8 years, and 93%
when only CML-related deaths were considered.
The IRIS study established the prognostic significance of

treatment milestones. For instance, the 5-year analysis showed
progression-free survival (defined in IRIS as progression to
AP/BC, loss of a CHR or major cytogenetic response) to be 97%
for patients who achieved CCyR by 12 months, versus 93% for
patients who achieved only PCyR and 81% for patients who
achieved less than PCyR. Of the patients who achieved CCyR,
those who achieved the even deeper response ofMMRhad a PFS
of 100%. Results from other TKI studies similarly confirmed the
prognostic utility of these milestone responses (Figure 24.7).
Even though imatinib treatment has proved highly successful

for many, ∼40–50% of patients who start imatinib therapy will
discontinue – about half for intolerance and half for resistance.
The most common resistance mechanism identified is kinase
domain mutations (see below). Clonal evolution, such as acqui-
sition of an extra copy of the Ph+ chromosome or development
of isochromosome 17q may also be involved. Non-adherence,
whether intentional, due to toxicity or financial pressures, or
unintentional, are also significant contributors to therapeutic
failure. Pharmacokinetic considerations leading to subtherapeu-
tic serum imatinib concentrations should also be taken into
account, such as severe gastrointestinal disturbances or adminis-
tration of concomitant medications with the potential to induce
CYP P450 activity (Figure 24.8). However, the cause of imatinib
failure remains undetermined in a number of patients.
The likelihood of a patient achieving the desired therapeu-

tic outcome with imatinib treatment may also be predicted
using clinical scoring systems. The Sokal and Hasford scores are
both well established, and online calculators are widely avail-
able. They both stratify newly diagnosed CML-CP patients into
high-, intermediate- and low-risk groups. The Sokal index
includes age at diagnosis, spleen size (measured in cm below
the costal margin in the midclavicular line), platelet count and
peripheral blood blast percentage. The (Euro) Hasford score
includes the peripheral blood eosinophil and basophil percent-
ages in addition to the Sokal parameters. These scores corre-
lated well with progression-free survival in the pre-imatinib era.
With the dramatic improvements in overall and progression-
free survival that accompanied the introduction of TKI treat-
ment for patients in all risk groups, the difference in out-
comes is no longer as pronounced. A further refinement of the
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Figure 24.7 Event-free survival (EFS) from the IRIS cohort. The
majority of IRIS patients enjoy excellent EFS. However, patients
BCR–ABL1 RQ-PCR of >10%, >1% and >0.1% at 6, 12, and 18
months after starting therapy had inferior EFS. Events in this
analysis included (i) loss of complete haematologic response, ii)
loss of major cytogenetic response, (iii) progression to AP/BC, or
(iv) death due to any cause. (Source: Hughes et al., 2010
[Blood;116:3758-65]. Reproduced with permission of American
Society of Hematology.)

Hasford score is the EUTOS score, which simplified the calcu-
lation by only including the spleen size and basophil percent-
age, and stratifies patients into two risk groups with respect
to the probability of achieving CCyR 18 months after start-
ing a TKI. The validation of this scoring system is ongoing. A
number of emerging biomarkers may also provide prognostic
information, though interventions based on stratifications using
this information have not been prospectively verified. These
include serum drug levels, the intracellular transporter OCT1
(organic cation transporter 1; also called SLC22A1), CIP2A
(inhibitor of tumour suppressor protein PP2A), gene expression
profiles and polymorphisms involved in drug metabolism and
apoptosis.
The most common starting dose of imatinib is 400 mg daily.

A dose of 600 mg daily may lead to higher molecular responses
and is well tolerated in many patients. However, randomized
studies comparing imatinib 400 mg daily to 800 mg daily have
not demonstrated a clear benefit to justify the uniform use of
higher doses. Themore common toxicities of imatinib tend to be
gastrointestinal disturbances (nausea, vomiting, anorexia, diar-
rhoea, dyspepsia) and oedema (periorbital, facial and pedal).
Judicious use of diuretics, prokinetic agents and taking imatinib
with a full meal may ameliorate these symptoms. Haematologi-
cal toxicities (anaemia, neutropenia and thrombocytopenia) are
commonly associated with TKIs and tend to be most severe at
treatment initiation. Cardiac toxicity, an initial concern, appears
minimal with long-term clinical follow-up.

Nilotinib

Nilotinib is a second-generation TKI effective in imatinib-
resistant or -intolerant patients. In addition to BCR–ABL1, it
also inhibits PDGFR and c-kit. It is active against a range of
imatinib-resistant kinase domain mutations, except for T315I,
F359V/C, E255K/V and Y253H/F. It is administered as a
twice daily dose on an empty stomach. Treatment is usually
well tolerated apart from cytopenias at treatment initiation.
Common associated biochemical abnormalities include eleva-
tions in serum liver enzymes, lipase and amylase, and hyper-
bilirubinaemia (thought to be secondary to decreased hep-
atic bilirubin excretion into bile and is generally reversible).
Pancreatitis is an uncommon, but notable idiosyncratic toxi-
city. Incidence of cross intolerance with imatinib is low with
regards to non-haematological side-effects. Although all TKIs
can prolong QTc interval, the effect of nilotinib is perhaps
the best documented, especially when nilotinib is taken with a
fatty meal.
Nilotinib is currently indicated for second-line treatment of

CML-CP and CML-AP in patients who have resistance or intol-
erance to at least one TKI at a dose of 400 mg BID. There is
currently inadequate clinical evidence to recommend its use
in Ph+ ALL or CML-BP. The data surrounding its frontline
use came from the ENESTnd study, which showed CML-CP
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Figure 24.8 A number of mechanisms are implicated in imatinib-related treatment resistance. AGP, α-1 acid glycoprotein. (Source:
Apperley, 2007 [Lancet Oncol. 8(11): 1018–29]. Reproduced with permission of Elsevier.)

patients treated with frontline nilotinib (at either 300 mg BID
or 400 mg BID) have decreased risk of disease transformation
to AP/BP, reduced risk of kinase domain mutation acquisition,
and higher achievement of MMR/MR4.5, compared to imatinib-
treated patients. Nilotinib-treated patients were also more likely
to achieve early molecular response (EMR; BCR–ABL1 <10%
at 3 months), a surrogate for PFS (Figure 24.9). However, over-
all survival differences were marginal between imatinib and
nilotinib. Whilst efficacy was similar in the nilotinib 300 mg
BID and 400 mg BID arms, toxicity is more common at higher
doses. Consequently, first-line patients are dosed at 300mg BID.
Nilotinib-treated patients have higher incidence of hypergly-
caemia and dyslipidaemia, and accelerated development of arte-
rial occlusive disease is an emerging concern. This manifests as
ischaemic heart disease, strokes and peripheral arterial occlusive
disease, and appears to be more common in both nilotinib arms
compared to the imatinib arm in the ENESTnd study. However
the effect is especially pronounced in patients treated with nilo-
tinib 400 mg BID.

Dasatinib

Dasatinib is a second-generation TKI and a dual Src/ABL
inhibitor, though it also inhibits a number of other tyrosine
kinases. It is approved for frontline treatment of CML-CP, as
well as cases resistant or intolerant to at least one prior TKI in
all phases, and for second-line use in Ph+-ALL. It has the great-
est in vitro activity against BCR–ABL1 amongst the three TKIs
approved for frontline treatment and, unlike imatinib, dasatinib
can bind to BCR–ABL1 in active conformation. Even though
dasatinib has a short serum half life, it is usually given as a daily
dose (100 mg for CP and 140 mg for advanced phases), taken
with or without food. There is a higher incidence of toxicity
without improvement in efficacy with a twice daily regimen. In
the Phase III DASISION study, dasatinib-treated patients had
superior achievement of MMR andMR4.5 compared to imatinib
treatment, though no significant difference in overall survival
and progression-free survival was demonstrated. Interestingly,
the number of patients who developed kinase domainmutations
was similar in both arms, with a higher number of T315I cases in
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Figure 24.9 Results from the ENESTnd study. Newly
diagnosed CML-CP patients were randomized to three
arms – nilotinib 300 mg BID, nilotinib 400 mg BID and
imatinib 400 mg OD. Patients who received nilotinib had
superior probability of achieving MMR and MR4.5.
Similarly, data from the Phase III DASISION study showed
that patients assigned to dasatinib had better molecular
responses compared to patients receiving imatinib.
(Source: Kantarjian et al., 2011 [Lancet Oncol. 12(9):
841–51]. Reproduced with permission of Elsevier.)

dasatinib-treated patients. In the second-line setting, dasatinib is
active against a range of imatinib-resistant mutations, although
it is inactive against T315I/A, V299L and F317V/C mutations.
Idiosyncratically, dasatinib causes pleural effusions in up to

40% of some patient groups. Patients with pre-existing cardiac
or pulmonary disorders and advanced disease phases are par-
ticularly at risk. The most important risk factor appears to be
age, with patients over 70 years of age having an incidence
of over 50%. Onset of pleural effusions are unpredictable and
may first present months to years after treatment commence-
ment. The pleural fluid is usually an exudate, often with a
lymphocytosis which may be oligoclonal, suggesting a role of
immune dysregulation in its aetiology. Usual treatment of symp-
tomatic, dasatinib-induced, pleural effusions includes a brief
treatment interruption, judicious use of diuretics and thoracen-
tesis as necessary. Most experts would favour a short course of
prednisolone as immunomodulation, but no firm evidence in
favour of this approach is available. Switching to an alternate
TKI may be necessary in some patients, if pleural effusions do
not resolve with these simple measures. Occasionally, the pleu-
ral effusion may persist after switching to another TKI. Pul-
monary hypertension (PAH) appears to be a rare complication
of dasatinib therapy, though given the difficulty in diagnosing

PAH and its inconsistent symptoms, the true incidence is dif-
ficult to ascertain. Only small series had been reported, the
largest of which is a French cohort of nine cases, from a database
that implied an incidence of 0.45%. This is usually, but not
always, reversible upon dasatinib cessation, although pulmonary
arterial pressures rarely return to normal. Other idiosyncratic
side effects associated with dasatinib treatment include pericar-
dial effusions, lymph node follicular hyperplasia and peripheral
blood lymphocytosis.

Bosutinib

Bosutinib is a second generation TKI indicated for the treatment
of CML patients with intolerance or resistance to at least one
other TKI, for all disease phases. It is administered as a single
daily dose of 500 mg daily. In the second-line setting, ∼50% of
CML-CP patients who switch from imatinib to bosutinib will
achieve CCyR. This falls to less than one-third for patients who
have failed two previous TKIs, and is 25% and 20% in accelerated
and blastic phases, respectively. Clinical evidence suggests infe-
rior responses for patients with the V299L, L248V, F359C (and
perhaps G250E) mutations. The T315I mutant clone is totally
resistant to bosutinib.
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Evaluation of bosutinib’s efficacy in the frontline setting is
ongoing. Gastrointestinal side effects, including diarrhoea, nau-
sea, abdominal pain and vomiting are common and experienced
by up to 80% of patients. Other common non-haematological
toxicities include rash, headache and liver enzyme elevations.

Ponatinib

Ponatinib is a third-generation TKI, and is the only drug with
activity against the T315I mutation. Cases with compound
mutations (where more than one kinase domain point mutation
is present in the same BCR–ABL1 transcript), especially those
involving the E255K/Vmutation, are potentially resistant to this
drug. Ponatinib is effective in patients with resistance or intoler-
ance to at least one previous line of treatment in all phases of
CML disease, as well as Ph+-ALL, especially in patients with
T315I as the only known mechanism of resistance. Rash, ele-
vated lipase, pancreatitis and headaches seem to be common
non-haematological toxicities of the drug. Of significant con-
cern, 27% of patients who participated in early clinical studies
reported having had either arterial or venous thrombotic events.
In light of emerging toxicities, a Phase III study comparing ima-
tinib to ponatinib as frontline therapy was prematurely termi-
nated, though ponatinib retains marketing approval in the EU
and US for Ph+ leukaemias with the T315I mutation, and in
cases where other TKIs have no real prospect of therapeutic suc-
cess. This drug should be used with extreme caution and at the
lowest effective dose in patients with risk factors for vascular dis-
ease, and patients with a history of vascular events may not be
suitable candidates for this drug.

Choice of TKI up front

Currently, imatinib, nilotinib (300 mg BID) and dasatinib are
available in most countries for up-front treatment in CML-
CP. All three are reasonable options and although the second-
generation TKIs lead to lower rates of progression, all three lead
to similar long-term overall survival. The choice of therapy in
each individual patient would rest mainly on a patient’s comor-
bidities and their risk of disease transformation, as well as the
priority placed on achievement of deepmolecular responses and
opportunities for subsequent trial of treatment cessation.
Both nilotinib and dasatinb may be reasonable choices in

patients with high Sokal/Hasford risk. The daily dosing of dasa-
tinib may be more convenient in younger patients at higher risk
of non-compliance, but should be avoided in patients with sig-
nificant coexisting cardiopulmonary disease who risk decom-
pensation with pleural effusion and pulmonary hypertension.
Unlike dasatinib, nilotinib-treated patients appear to be at lower
risk of acquiring mutations. Nilotinib also appears to lead to
superior achievement of deep molecular responses, and may be
ideal in patients for whom the opportunity to cease treatment

is a high priority (e.g. women planning to start a family). How-
ever, its twice-daily dosing away from foodmay compound non-
adherence. Nilotinib should be avoided in patients with previ-
ous vascular events and uncontrolled cardiovascular risk factors,
especially at the higher dose of 400 mg BID.
Imatinib, in contrast, appears to have a favourable long-term

toxicity profile. Whilst side-effects are common and cause sig-
nificant discomfort, most patients learn to manage these symp-
toms. In older patients with pre-existing vascular or respira-
tory problems, imatinib may be a safer choice. As the patent
on imatinib expires in many jurisdictions in the next few
years, its use up front may become more cost effective, with
more potent agents held in reserve for cases with drug resis-
tance. However, patients who receive imatinib up front at a
dose of 400 mg daily are at higher risk of transformation to
AP/BP, in comparison to those who receive up-front nilotinib or
dasatinib.
Incorporation of both imatinib and a second-generation TKI

into a combined treatment strategy may be a reasonable com-
promise to enhance safety and retain efficacy. For instance, the
Australasian TIDEL-II study started newly diagnosed CML-
CP patients on imatinib 600 mg daily. Patients were assessed
against time-dependent molecular targets (BCR–ABL1 ≤10%,
≤1% and ≤0.1% at 3, 6 and 12 months, respectively). Patients
who failed these targets switched to nilotinib with or without a
trial of imatinib 800 mg/day, as did patients with imatinib intol-
erance or loss of response. The 24-month MMR, MR4.5 and
the 3-year overall and progression-free survival from TIDEL-II
were similar to that achieved by patients who received a second-
generation TKI up front. However, this strategy allowed many
patients to stay on imatinib. Over the first 2 years of study treat-
ment, ∼50% of patients remained on imatinib and ∼30% of
patients switched to nilotinib, whilst ∼20% had discontinued
study treatment.
In the paediatric setting, the majority of evidence and experi-

ence concerns the use of imatinib, where the efficacy and side-
effect profile is very similar to that seen in adults. One impor-
tant exception is decelerated growth in height, especially in pre-
pubertal children treated with imatinib. Imatinib is known to
cause hypocalcaemia, hypophosphataemia and decreased bone
remodelling, all factors that may lead to stunted growth. Ima-
tinib, as with other TKIs, is dosed according to body surface
area in children, similar to other chemotherapeutic agents. Data
for the use of dasatinib has been accumulating, especially in
the second-line setting after imatinib failure, and most clini-
cianswould favour this drug in the frontline setting for advanced
phase disease. The experience of nilotinib in the paediatric pop-
ulation remains limited.

Treatment goals

For CML-CP patients treated with TKIs, disease-specific sur-
vival is excellent and overall survival is only slightly inferior
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to an age-matched population. However, despite the introduc-
tion of increasingly potent TKIs, survival for patients with
CML-BP has not improved dramatically, and prevention of
disease transformation is therefore of paramount importance.
There is a reliable correlation between time-dependent reduc-
tions in tumour burden (measured by RQ-PCR or cytoge-
netics) and survival. Milestone responses, such as achieve-
ment of CCyR at 6 months and MMR at 12 months, dif-
ferentiate patients at high risk of disease transformation
from patients with optimal treatment response, with the lat-
ter being adopted as surrogate end points for many clinical
trials.
Consensus statements concerning optimal time-dependent

treatment targets are available. The two most widely used
are published by the US-based NCCN (National Comprehen-
sive Cancer Network) and the ELN (European Leukemia Net),
with subtle differences between the two. The ELN stratify
responses at 3, 6 and 12 months after therapy commencement
into three categories – Optimal, Warning and Failure. Opti-
mal response is associated with favourable long-term survival.
Conversely, patients who fail any of the time-dependent tar-
gets are at high risk of disease progression should they con-
tinue with the same treatment. Patients who have received a
‘warning’ are in the intermediate category and these patients
should be closely monitored and counselled to adhere to ther-
apy. In contrast, the NCCN dichotomizes patients into those
who reach their targets and those who do not, and strat-
ify interventions according to the relative shortfall between
response and target. The relevant milestones are summarized
in Table 24.2. Treatment recommendations are based on con-
sensus expert opinions, as good-quality evidence demonstrat-
ing the benefit of interventions is not currently available. Inter-
ventions based on early molecular responses are a particu-
larly contentious issue. Patients who record a BCR–ABL1 IS >
10%, 3 months after starting therapy have inferior overall sur-
vival, a high risk of disease transformation (between 8 and
12%), and inferior achievement of MMR/MR4.5 (Figure 24.10).
There is a divergence of opinion as to whether a therapeutic
intervention should occur for patients failing to achieve this
milestone, or whether it might be preferable to wait for the 6-
month BCR–ABL1 to provide further prognostic information
prior to acting, there is little data to support either approach.
Interestingly, data from the Adelaide cohort of imatinib-treated
patients suggest that patients with BCR–ABL1 >10% at 3
months may be further risk stratified, based on an individual
patient’sBCR–ABL1 halving time. This is the approximate dura-
tion over which a patient’s BCR–ABL1 decreases by 50%, and
patients with a halving time of >76 days were at the highest
risk of treatment failure. The German CML IV study group
came to the similar conclusion that the velocity of an indi-
vidual patient’s BCR–ABL1 drop may add additional prog-
nostic information to RQ-PCR measurements at single time
points.

Duration of treatment

With the success of TKI therapy, an increasing number
of patients achieve deep and durable molecular responses.
Although it was originally assumed that patients would need
to continue TKI therapy indefinitely to prevent late disease
relapses, a number of patients have since participated in treat-
ment cessation studies and have achieved treatment-free remis-
sions (TFR). Two of the earliest treatment cessation studies were
the French STIM study and theAustralianTWISTER study (Fig-
ure 24.11), where imatinib-treated CML-CP patients who had
undetectable BCR–ABL1 (with assays of >5 log sensitivity) for
an uninterrupted period of 2 years stopped imatinib and were
monitored monthly with RQ-PCR. Rapid molecular relapse (i.e.
RQ-PCR moving from undetectable to positive) was noted in
60% of patients, mostly occurring within the first 6 months after
stopping. All relapses were sensitive to imatinib re-challenge,
withmost patients re-establishing deepmolecular response, and
no disease transformation was reported. The remaining 40%
have remained in a deep molecular remission off treatment,
many for over 5 years. There have been, as yet, no late relapses
reported in this group, raising the possibility that TFRs may
truly be durable in the long term. The biological determinants of
successful treatment cessation remain elusive, but appear to cor-
relate with total TKI treatment duration. This may relate to
senescence of Ph+ clones over long periods of TKI treatment.
Additional emerging data suggest not all patients who experi-
ence early molecular relapse require re-treatment. In about a
third of these patients, RQ-PCRbecomes detectable, but remains
below 0.1%, even without treatment. This observation is pend-
ing confirmation in larger studies.
Further studies are currently underway to examine whether

the criteria for treatment cessation can be relaxed to MR4.5

or MR4 from MR5 without detrimental effects, whether treat-
ment with a more potent TKI up front will further improve
the subsequent success of TKI cessation and whether adjunc-
tive therapy such as pegylated interferon will be of benefit
just prior to or in the initial period of therapy cessation. It
should be noted that although early results are promising, treat-
ment cessation should not be attempted outside of a clinical
study without the ability to perform frequent and highly sen-
sitive molecular monitoring. Furthermore, the current findings
should not be extrapolated to patients with advanced phase
disease.

Treatment resistance

Treatment resistance may be encountered in ∼10–20% of
patients receiving TKI in the frontline setting (an additional
∼10–20% of patients fail therapy because of varying degrees
of toxicity, and some are better classified as failing therapy
because of intolerance, though the two frequently overlap).
Kinase domain mutations are identified in 30–50% of cases and
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Figure 24.10 Patients failing to achieve an early
molecular response experience inferior survival
regardless of frontline therapy received. These
results from the ENESTnd study showed
progression-free survival to be 75.0%, 81.9% and
78.6% in the nilotinib 300 mg BID, nilotinib
400 mg BID and imatinib 400 mg OD arms,
respectively, in patients with BCR–ABL1 >10%
at 6 months. (Top panel – nilotinib 300 mg BID,
middle panel – nilotinib 400 mg BID, bottom
panel – imatinib 400 mg OD). In comparison,
patients with BCR–ABL1 ≤1% 6 months after
starting therapy enjoyed 4-year progression-free
survival of 95.7–98.5%. The same conclusion can
be drawn from the landmark analyses from the
DASISION study comparing imatinib to
dasatinib. (Source: Hughes et al., 2014 [Blood
27; 123(9): 1353–60]. Reproduced with
permission of American Society of Hematology.)

are themost frequently identifiedmechanism of treatment resis-
tance. More than 100 kinase domain mutations are now known
to confer varying degrees of resistance to the TKIs. These point
mutations result in amino acid changes, which decrease binding
affinity of TKIs, but not the usual substrates (Figure 24.12). The
consequence is restoration of constitutive kinase activity. Ima-
tinib appears to be susceptible to the widest range of mutations.
The second-generation TKIs are active against most imatinib-
resistant mutations, though the T315I mutation confers resis-
tance to all TKIs except ponatinib (Figure 24.13). This threo-
nine residue at position 315 in the ATP binding pocket is criti-
cal to the binding of most TKIs and is substituted for isoleucine
in∼10–15% of mutations. Other commonly encountered muta-
tions of note include the V299L and F317V/C mutations resis-
tant to dasatinib, and the Y253H, E255K/V and F359C/Vmuta-
tions resistant to nilotinib. Sanger sequencing is the standard
diagnostic method for mutation analysis, and should be per-
formed when a patient fails to reach their time-dependent tar-
gets or has loss of a previously achieved response. Most impor-
tantly, screening for kinase domain mutations should always be

done in patients who are resistant to a TKI, prior to selecting
the most suitable TKI for ongoing therapy. Sanger sequencing
can only detect mutant clones if they are present in >10–15%
of the total BCR–ABL1+ population, and only when the total
BCR–ABL1 is >0.1% IS. More sensitive mutation detection
techniques using next-generation sequencing and mass spec-
trometry can reveal subclonal population dynamics; these are
currently undergoing clinical evaluation.

Advanced phase diseases

In advanced phase CML, TKI monotherapy is much less effec-
tive compared to CML-CP. Although a number of patients
can achieve complete haematological responses, these are rarely
durable without follow-up combination chemotherapy and allo-
geneic HSCT. Fortunately, over 90% of CML patients are diag-
nosed inCP, andwith effective TKI treatment, only∼5%of these
patients transform to AP/BP.
Evidence regarding the use of TKIs in de novo CML-AP is

scant. In the STI571 0109 study, imatinib 600 mg daily led to a
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Figure 24.11 For patients with deep molecular responses, a trial of
TKI cessation may lead to durable treatment-free remissions
(TFR). The STIM (top panel) and TWISTER (bottom panel)
studies both showed the rate of TFR in patients who maintained
MR5 for 2 continuous years prior to trial of therapy cessation to be
∼40%. (Source: (Top panel) Hughes et al., 2014 [Blood 123(9):
1353–60]. (Bottom panel) Ross et al., 2013 [Blood 122(4):
515–22]. Reproduced with permission of American Society of
Hematology.)

CCyR of 20%. In this study, response rates of AP patients with
both clonal evolution and increased blast counts were inferior
to those with either feature alone. Extrapolating from data with
frontline TKI use in CML-CP patients, the more potent second-
generation TKIs should be superior to imatinib in CML-AP. In
theMDAnderson Cancer Center cohort of 51 patients, imatinib
led to overall survival of 87% at 3 years, with 46% of patients
achievingMMR by 18 months. In contrast, patients treated with
second-generation TKIs had a 3-year overall survival of 95%,
with an 18-month MMR rate of 56%.
Outcomes for CML-BP patients remain dismal, even with

potent TKIs, and patients invariably develop resistance to TKI
monotherapy. Patients with lymphoid BP are best treated with
Ph+-ALL induction chemotherapy regimens. TKIs are of ben-
efit when used prior to or in combination with chemother-
apy, though this may compound marrow toxicity and delay cell
count recovery.Whether TKIs have effective CNS penetration is
unclear and standard ALL CNS prophylaxis should be offered.

Myeloid BP is best treated with AML-type induction regimens,
with combinations such as cytarabine and an anthracycline.
As with lymphoid BP, TKIs in combination with chemother-
apy are generally preferred. Treatment responses in CML-BP
are rarely durable and transplant-eligible patients should pro-
ceed to allogeneic HSCT once a second chronic phase has been
established.
In patients with significant comorbidities or those otherwise

unfit for chemotherapy, TKI monotherapy would be a reason-
able option. As with CML-AP, there is a paucity of data regard-
ing the use of TKI monotherapy in de novo CML-BP. In one
Phase II study, 154 treatment-näıve CML myeloid BP patients
were treated with imatinib. This led to CHR lasting for≥4 weeks
in 8.8%, and CCyR in 8.1%.
For patients who progressed to AP/BP from CP whilst on

treatment, the choice of the subsequent agent should be directed
by results of themutation analysis. About a third of these patients
will achieve CCyR with a second-line agent. The T315I muta-
tion is one of the most commonly found mutations in this con-
text and will preclude successful use of all TKIs except for pona-
tinib. The PACE study included patients with treatment resis-
tance to either nilotinib or dasatinib, or who had the T315I
mutation; ∼30% of myeloid BP and ∼30–50% of lymphoid BP
patients achieved complete haematological response and cyto-
genetic response with ponatinib treatment. However, median
duration of response is only ∼5 months.

Fertility preservation and pregnancy

The long-term effect of TKIs on prospective fertility is not
known. An increasing number of children had been fathered
by male patients receiving imatinib, without increased con-
genital or developmental abnormalities compared to the gen-
eral population. In contrast, effective contraception is advised
for female patients receiving imatinib as it is associated with
a higher risk of birth defects. There is currently a lack of
human data with regards to the teratogenicity of second- and
third-generation TKIs, and effective contraception is advised
for both male and female patients. Barrier contraception may
be preferred as it does not interfere with CYP450 enzyme
activity.
Female patients wishing to conceive electively should ideally

achieve and maintain a deep molecular response (e.g. MR4.5)
for at least 2 years before proceeding to a trial of cessation
that will allow for conception. The appropriate washout period
between TKI cessation and attempting to conceive is unknown,
though pharmacokinetic data would suggest a week should suf-
fice. Regular haematological and molecular monitoring dur-
ing this period and the subsequent pregnancy is advised. TKIs
should be restarted post partum for patients with loss of molec-
ular response. Should patients require treatment whilst still
pregnant (e.g. loss of complete haematological response with
moderate or marked leucocytosis and/or thrombocytosis)
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Figure 24.12 The crystal structure of the ABL1 kinase domain and
critical amino acid residuals conferring resistance to TKIs. Orange
spheres indicate a particular nucleotide exchange confer moderate
resistance and red spheres indicate high-level resistance. The
spatial relationship of each TKI and the ATP binding pocket is
shown. The P-loop is shown in yellow and the activation loop in
green. Imatinib is susceptible to the widest range of kinase domain
mutations. The threonine residual at position 315 is crucial to the

binding of all currently available TKIs, except for ponatinib. The
development of DCC-2036 (rebastinib), originally intended as an
inhibitor for T315I mutated BCR–ABL1, is currently halted for
CML. See Figure 24.13 for a more comprehensive list of point
mutations conferring resistance to nilotinib and dasatinib. (Source:
O’Hare et al., 2012 [Nature Rev Cancer 12: 513–26]. Reproduced
with permission of Nature Publishing.)

interferon-αwould be a reasonable choice in the second or third
trimester. Regular leucapheresis may be an alternative. Data
regarding the use of hydroxycarbamide (hydroxycarbamide
hydroxyurea) in this setting are scant and busulfan should be
avoided. In general, TKIs should be stopped inwomenwho acci-
dentally conceive while taking these drugs, though the course of
action should be individualized.

Haemopoietic stem cell transplantation

Prior to the introduction of TKIs, CML (especially CML-CP)
was one of the most common indications for allogeneic HSCT.
Although optimized protocols for HSCT in CML-CP can result
in transplant-related mortality as low as ∼5–10%, TKIs are
still a better option for the vast majority of these patients.
Consequently, HSCT is now usually reserved for patients with
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Figure 24.13 Kinase domain mutations are the most commonly
identified cause of treatment resistance to TKI. Shading of O’Hare:
orange, resistant; blue, intermediate sensitivity; and green,
sensitive. Shading of Redaelli: orange, highly resistant; yellow,
resistant; blue, moderately resistant; and green, sensitive.
∗Although T315A is rated as resistant, it is rarely detected. (Source:
O’Hare et al., 2009 [Blood; 110(7):2242-2249] and Redaelli et al.,
2009 [Journal of Clinical Oncology; 2009; 27(3):469-471].)

advanced phase disease or therapeutic failure to all available
TKIs.
Allogeneic HSCT outcomes may be predicted using the

EBMT risk score, which includes variables such as patient
age, stage of disease, donor type (related versus unrelated),
stem cell source (PB versus BM) and length of diagnosis (>12
months versus <12 months). The bulk of transplant outcome
data came from patients who underwent myeloablative condi-
tioning, which usually consists of high-dose cyclophosphamide
and either busulfan or total body irradiation. The experience
with reduced-intensity conditioning in CML had been steadily
increasing, and is preferred for older patients.
Problems common to HSCT in other diseases are also appli-

cable in CML. Transplant-related mortality, graft-versus-host
disease and relapse-related mortality are significant problems.
Many centres will use TKI therapy post allogeneic HSCT and in
cases where there is evidence of residual leukaemia by molecu-
lar monitoring, though the role for TKIs in this setting has not
been fully evaluated.UnlikeCML-CPpatients,marrowRQ-PCR
may be a more sensitive marker for minimal residual disease in
CML-AP/BP. Donor lymphocyte infusions may be of benefit in

patients with disease relapse post transplant. However, exacer-
bation of GVHDmay be a concern.

Atypical CML/chronic neutrophilic
leukaemia (see also Chapters 25 and 26)

Occasionally patients present with leucocytosis with a promi-
nent neutrophilia, though the Philadelphia chromosome and the
BCR–ABL1 fusion gene are both undetected. After exclusion
of cryptic variant t(9;22) and atypical BCR–ABL1 transcripts, a
diagnosis of either atypical chronic myeloid leukaemia (aCML)
or chronic neutrophilic leukaemia (CNL) may be appropriate.
Atypical CML is an overlap syndrome with features of both
myeloproliferative and myelodysplastic disorders. Patients usu-
ally present with leucocytosis, mainly caused by increased num-
ber of neutrophils and their precursors.Maturation is dysplastic,
and in contrast to CML and chronic myelomonocytic leukaemia
(CMML), basophilia, monocytosis and eosinophilia are rare.
Patients with aCML fare poorly and often die frommarrow fail-
ure or transformation to AML. Like CML and aCML, CNL is
characterized by leucocytosis with a predominant neutrophilia.
However, unlike aCML, neutrophil morphology is normal in
CNL. Neutrophil precursors such as metamyelocytes, myelo-
cytes and promyelocytes are <10% of circulating cells in CNL,
which differentiates this disease from CML. The course of CNL
is variable, though neutrophilia is usually progressive, accompa-
nied by cytopenia of other lineages resulting in marrow failure,
or transformation to AML.
Recurrent genetic lesions have recently been found in the

CSF3R and SETBP1 genes in a number of CNL and aCML
patients. CSF3R is known to be important in the pathogene-
sis of congenital neutropenia. CSF3R mutations in CNL and
aCMLwere found in 59%of patients in one series and are located
in two clusters – membrane proximal mutations (T615A and
T618I) and truncation-deletions in the cytoplasmic (D771fs,
S783fs, Y752X, andW791X). Ruxolitinib (a JAK2 inhibitor) and
dasatinib have in vitro activity in some cases, though the clin-
ical utility of these agents is yet to be demonstrated. In another
series, SETBP1 mutations were found in 24% of aCML cases.
Most are located in residues 858–871 in the SKI homology
region. Neither of the two mutations are specific to CNL/aCML
– CSF3R can be mutated in AML and T-ALL, and SETBP1 in
CMML cases. The overlap between SETBP1 and CSF3R is yet
to be determined, as is their role in the pathogenesis of these
diseases.

Prospects

Although the treatment outcome for CML patients has dra-
matically improved in the last decade, a number of challenges
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remain. Early transformation to CML-AP/BP remains the out-
standing cause of CML related death. A number of emerging
biomarkers with prognostic significance are currently under
investigation, and early identification of patients who are at high
risk of transformation should become possible. Perhaps more
challenging will be the task of finding effective therapies for
high-risk patients thus identified, and in patients with de novo
CML-BP. This may rely on the clinical development of small
molecule inhibitors with novel mechanisms of action and syn-
ergistic activity against BCR–ABL1+ cells. Advances in allo-
geneic HSCT, such as continuing decreases in transplant-related
mortality and improvements in supportive care, may also be
important for this group. At the other end of the spectrum, an
increasing number of patients achieve stable and deepmolecular
responses. Selection of patients likely to be able to stop therapy
without relapse, as well as strategies to boost the overall TFR rate
is an increasingly urgent direction for future research.
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25The myelodysplastic syndromes
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Introduction

The myelodysplastic syndromes are a diverse group of clonal
stem cell disorders manifesting commonly with macrocyto-
sis and cytopenias due to impaired blood cell production,
morphological dysplasia, a variably cellular bone marrow and
an increased risk of myeloid leukaemic transformation. Most
patients with a myelodysplastic syndrome (MDS) are over the
age of 60 years, with the median onset occurring in the sev-
enth decade of life and increasing with age. The clinical course
varies, reflecting the diverse pathobiology of the disease, with
some patients having a more indolent course and longer life
expectancy, while others present with aggressive disease that
evolves rapidly into acute myeloid leukaemia (AML). Over-
all, approximately 40% of patients will transform to AML dur-
ing the course of their disease, but a third also succumb to
infections. Prognostication is enabled by classification schemes,
which take into account the diverse clinical features, and is fur-
ther supported by scoring systems so that therapy can be both
symptomatic and risk directed. The recent discovery of molec-
ular pathways that are commonly disrupted in MDS provides
a rational basis for clustering phenotypes, and these are being
integrated into risk scoring systems and are likely to influence
therapy.

History

The first description of MDS was in 1900 by Von Leube, who
used the term leukanamie to describe a patient with severe
megaloblastic anaemia that progressed to acute leukaemia. In
the 1930s, the term ‘refractory anaemia’ was coined to refer

to a group of patients with a macrocytic anaemia that was
unresponsive to iron or other dietary haematinics. While some
of these anaemias were apparently attributable to coexisting
chronic diseases, others arose de novo in otherwise healthy
individuals. Bone marrow analysis often revealed a spectrum
of abnormalities, notably aberrant maturation of marrow pre-
cursors, a variable increase in marrow blasts and, in some
patients, the presence of ring sideroblasts. In the 1950s, it was
appreciated that AML in the elderly was often preceded by a
preleukaemic state characterized by peripheral blood cytope-
nias and increased numbers of blasts in the marrow. However,
the term ‘pre-leukaemia’ became less popular in the 1970s when
it became apparent that patients may never develop leukaemia,
but die of complications arising directly from the cytopenias.
These include anaemia, infectious problems and bleeding com-
plications. In the 1980s, the term ‘myelodysplasia’, or ‘myelodys-
plastic syndromes’ gained widespread acceptance and reflects
the heterogeneity of the disease. Indeed, it was the recogni-
tion that MDS is a heterogeneous entity of related disorders of
haemopoiesis that provided the rational basis for devising diag-
nostic classification schemes that have evolved over the last three
decades.

Incidence

According to European registry data, the overall annual inci-
dence rate for MDS in adults is 3–4 per 100,000. However, this
rate increases markedly with age, exceeding 30 per 100,000 for
individuals over the age of 80 years.Over 60%of patients are over
the age of 70 at diagnosis, withmalesmore likely to be diagnosed
with MDS than females by a ratio of 1.4: 1. MDS in childhood

Postgraduate Haematology, Seventh Edition. Edited by A Victor Hoffbrand, Douglas R Higgs, David M Keeling and Atul B Mehta.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

438



Chapter 25 The myelodysplastic syndromes

is rare with an annual incidence of 2–3 per million, or less than
5% of paediatric haematological malignancies, tending to occur
in children less than 5 years old.

Aetiology

The aetiology of primary MDS is unclear. Exposure to ionizing
radiation, benzene, solvents, pesticides and smoking are impli-
cated; however, case-control studies are inconsistent. There is
some evidence to suggest that polymorphic variation in certain
genes may increase susceptibility to MDS, particularly where
the role of the encoded protein is to counter environmental
insults to the cell. Examples include enzymes responsible for
the metabolism of carcinogens, proteins involved with oxidative
stress and DNA damage repair proteins.
In approximately 15%of patients,MDS occurs following prior

exposure to cytotoxic chemotherapy and/or wide-field radio-
therapy, when it is referred to as therapy-related MDS. These
cases ofMDS typically arise in patients who have received previ-
ous cancer chemo/radiotherapy or prolonged immunosuppres-
sive therapy. The most commonly implicated cytotoxic agents
are the alkylating agents, such as cyclophosphamide, melphalan
and the topoisomerase II inhibitors, such as etoposide, as well as
ionizing radiation and antimetabolite drugs. The latency period
between exposure and the onset of disease tends to be 5–6 years
for the alkylating agents and for radiation, but is shorter (2–3
years) for the topoisomerase II inhibitors, although the latency
can vary from 1 to 10 years and beyond. The risk increases
with age and with prolonged exposure to low-dose chemother-
apy, such as prescribed for controlling vasculitic and other
autoimmune disorders. The risk of developing therapy-related
MDS following autologous transplantation for lymphoma varies
widely between series, with some reports as high as 12%. Most
cases develop within 5 years of transplantation, with the major
risk factors being the duration and amount of pretransplant
chemotherapy, whether the patient received total body irradia-
tion and the dose of infused stem cells. Cases of therapy-related
MDS often showmarked trilineage dysplasia, genetic abnormal-
ities such as−5 and/or−7with alkylating agents and 11q23MLL
gene rearrangement with topoisomerase II inhibitors, rapid evo-
lution to AML and poor response to de novo AML therapies.

Classification

FAB classification

In 1982, the French–American–British (FAB) group proposed
a morphological classification of MDS that divided MDS into
five subgroups (Table 25.1). The FAB system was based on the
percentage of blasts and ringed sideroblasts in the bone marrow
and the presence or absence of a peripheral blood monocytosis.

Table 25.1 The FAB classification of MDS.

Subtype Blood Bonemarrow

Refractory anaemia
(RA)

<1% blasts Dysplasia, <5%
blasts

Refractory anaemia
with ringed
sideroblasts (RARS)

<1% blasts As for RA and >15%
ringed
sideroblasts

Refractory anaemia
with excess blasts
(RAEB)

<5% blasts Dysplasia, 5–19%
blasts

Refractory anaemia
with excess blasts in
transformation
(RAEBt)

<5% blasts Dysplasia, 20–29%
blasts or Auer
rods

Chronic
myelomonocytic
leukaemia (CMML)

>1 × 109/L
monocytes

Dysplasia, <30%
blasts

Refractory anaemia (RA) is defined as anaemia with a hypercel-
lular marrow exhibiting dyserythropoiesis, but minimal gran-
ulocytic or megakaryocytic abnormalities and a marrow blast
count of less than 5%. If the proportion of ring sideroblasts
exceeds 15% of erythroid cells, the patient is diagnosed as hav-
ing refractory anaemia with ring sideroblasts (RARS). Patients
with increased numbers of marrow blasts are categorized as hav-
ing refractory anaemia with excess blasts (RAEB) if the blast
percentage is between 5 and 19%, or refractory anaemia with
excess blasts in transformation (RAEBt) if the blast percentage
is between 20 and 29%. Patients with bonemarrow blasts greater
than 30% are diagnosed as AML. Finally, chronic myelomono-
cytic leukaemia (CMML) encompasses all cases where the cir-
culating monocyte count exceeds 1 × 109/L. However, this sub-
group is particularly heterogeneous, comprising a spectrum of
patients whose clinical course varies from more typical MDS to
more proliferative states characterized by highmonocyte counts
and splenomegaly.

WHO classification

The World Health Organization (WHO) classification was first
published in 2001 and more recently in a revised form in 2008
(Tables 25.2 and 25.3). It emerged through an international col-
laboration, the aim of which was to improve the FAB classifica-
tion by incorporating recent clinical and genetic data. In par-
ticular, it recognized the fact that patients with RA with less
than 5% marrow blasts had a poorer clinical prognosis if there
was evidence of multilineage dysplasia, as opposed to unilineage
erythroid dysplasia. New diagnoses of refractory cytopenia with
multilineage dysplasia (RCMD) and refractory cytopenia with
multilineage dysplasia and ring sideroblasts (RCMD-RS) were
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Table 25.2 The Revised WHO classification (2008) of MDS.

Subtype Blood Bonemarrow

Refractory cytopenias with unilineage
dysplasia (RCUD)
Refractory anaemia (RA)
Refractory neutropenia (RN)
Refractory thrombocytopenia (RT)

Unicytopenia or bicytopenia Dysplasia in >10% of cells of one myeloid lineage
only, <5% blasts, <15% ring sideroblasts

Refractory anaemia with ring sideroblasts
(RARS)

Anaemia Erythroid dysplasia only, >15% ring sideroblasts

Refractory cytopenia with multilineage
dysplasia (RCMD)

Cytopenia(s) Dysplasia in >10% of cells in two or more myeloid
lineages, <5% blasts, <15% ring sideroblasts

Refractory cytopenia with multilineage
dysplasia and ring sideroblasts (RCMD-RS)

Cytopenia(s) Dysplasia in >10% of cells in two or more myeloid
lineages, <5% blasts, >15% ring sideroblasts

Refractory anaemia with excess blasts-1
(RAEB-1)

Cytopenia(s) <5% blasts Unilineage or multilineage dysplasia, 5–9% blasts,
no Auer rods

Refractory anaemia with excess blasts-2
(RAEB-2)

Cytopenia(s) 5–19% blasts Unilineage or multilineage dysplasia, 10–19%
blasts ± Auer rods

Myelodysplastic syndrome – unclassified
(MDS-U)

Cytopenia(s) <1% blasts Dysplasia in <10% of cells in one or more myeloid
lineage, cytogenetic abnormality supportive of
diagnosis, <5% blasts

MDS associated with isolated del(5q) Anaemia ± thrombocytosis
<1% blasts

Prominent megakaryocytes with hypolobated
nuclei Isolated del(5q) cytogenetic abnormality,
<5% blasts

introduced for patients with bicytopenia or pancytopenia whose
marrows exhibited dysplastic features affecting more than 10%
of cells in two or more myeloid lineages. Patients with pure ery-
throid dysplasia, but otherwise lacking evidence of a clonal kary-
otypic abnormality should be reassessed after 6months to ensure
persistence of these features before making a diagnosis of MDS.
A subgroup recognized by the WHO classification was

MDS with isolated deletion of the long arm of chromo-
some 5, so-called MDS with isolated del(5q). The clinical and
morphological features of this subgroup are distinct, occur
more frequently in elderly women, and are characterized by

Table 25.3 Relative frequency of MDS subtypes.

Approximate Median
Subtype of percentage of Cytogenetic survival
MDS MDS cases abnormalities (months)

RA 10 25 66
RARS 10 <10 72
RCMD 25 50 33
RCMD-RS 10 50 33
RAEB-1 25 30–40 18
RAEB-2 15 40–50 10
Isolated
del(5q)

5 100 116

macrocytic anaemia and thrombocytosis that is commonly
referred to as 5q– syndrome. The bone marrow shows promi-
nent megakaryocytes that are decreased in size with conspicu-
ously non-lobated or hypolobated nuclei (Figure 25.1). Erythro-
poiesis is often reduced, with mild to moderate dysplasia, and
myeloblasts comprise less than 5% of the myelogram.
The RAEB entity was also refined to include two sub-

groups based on the percentage of blood and bone mar-
row blasts. The term ‘blast cell’ here refers to myeloblasts,
monoblasts, promonocytes and megakaryoblasts, but not ery-
throblasts. CD34-positive cells, defined immunophenotypically,
are not considered to be synonymous with the blast cells. The
two subgroups were denoted as RAEB-1 (blast count <5% in
peripheral blood and 5–9% in marrow) and RAEB-2 (blast
count 5–19% in peripheral blood and 10–19% in marrow). The
morphological finding of Auer rods is also sufficient for mak-
ing a diagnosis of RAEB-2. The FAB entity RAEBt, defined
originally by a blast count in the marrow of over 20%, was
abolished in favour of a diagnosis of AML with multilineage
dysplasia that often yields poor-risk cytogenetics and refrac-
toriness to chemotherapy. In addition, patients with recurrent
leukaemic chromosomal translocations typical of de novo AML,
namely t(15;17), t(8;21), and inv(16) or t(16;16), are considered
to have AML, regardless of the percentage of blasts in the bone
marrow.
In the revised WHO classification, there has been some

refinement of the system to include patients presenting with
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(a) (b)

Figure 25.1 Diagnostic findings in 5q– syndrome
demonstrating: (a) chromosomal abnormality and (b)
typical morphology. Note loss of material from long arm of
chromosome 5 and characteristic hypolobated
megakaryocytes.

cytopenia affecting a single lineage or bicytopenia and in whom
bone marrow dysplasia is restricted to a single lineage. This cat-
egory is denoted refractory cytopenia with unilineage dyspla-
sia (RCUD), which includes refractory anaemia, refractory neu-
tropenia and refractory thrombocytopenia. The entity of MDS
unclassifiable (MDS-U) is reserved for patients with pancytope-
nia who fail to fit any of the other categories. Finally, child-
hood MDS has been incorporated as a separate entity to cover
all forms of paediatric myelodysplasia, including the subgroup
of refractory cytopenia of childhood (RCC) that includes cases
that fail to meet the criteria for the RAEB subgroups, specifi-
cally where there is evidence of dysplasia, but with fewer than
5% blasts in the marrow.
Finally, the WHO recognizes two additional histological sub-

types of MDS, namely hypoplastic MDS and myelofibrotic
MDS, each of which account for approximately 10% of cases.
Hypoplastic MDS may be difficult to distinguish from aplas-
tic anaemia, but the presence of dysplastic megakaryocytes and
reticulin fibrosis favours this diagnosis. Myelofibrotic MDS is
differentiated from primary myelofibrosis by the absence of
splenomegaly, must be diagnosed from a trephine biopsy that
often reveals an excess of blasts and generally follows an aggres-
sive clinical course. Both hypoplastic andmyelofibroticMDS are
histological entities based on trephine findings rather than being
specific diagnostic entities.
The WHO (2008) also recognizes that some patients have

both dysplastic and myeloproliferative features and includes
these within the group myelodysplastic/myeloproliferative
neoplasms. These include CMML, atypical CML, juvenile
myelomonocytic leukaemia and, for those that do not fit into
any of these categories, but have evidence of morphological
features of myelodysplasia and proliferative features such as a

platelet count ≥450 × 109/L or WBC count >13 × 109/L, with
or without splenomegaly, and no prior history of a myelopro-
liferative disorder, or of cytotoxic or growth factor treatment
and absence of the Philadelphia chromosome, BCR–ABL1
fusion, rearrangement of PDGFRA, PDGFRB,FGFR1 and
absence of isolated del(5q), t(3;3)(q21;q26) or inv(3)(q21q26).
Alternatively if the presentation of de novo disease has mixed
dysplastic and myeloproliferative features and does not fit into
any other MDS, MPN or MDS/MPN category, it is categorized
as myelodysplastic/myeloproliferative neoplasm, unclassifiable.

Pathogenesis

Until recently, clues to the pathogenesis of MDS have relied
heavily on cytogenetic analysis. However, technological
advances such as next-generation sequencing have led to
impressive developments in understanding the mutational
landscape in MDS and in correlating these with the biolog-
ical and clinical heterogeneity. In MDS genetic mutations
commonly affect RNA splicing, DNA methylation, chromatin
modification, transcription regulation, DNA repair, signal
transduction and the cohesion complex pathways. Their role
alongside the effect of the bone marrow microenvironment and
the host immunity in the emergence and progression of the
disease are discussed in the following section.

MDS: a clonal expansion of HSCs with
ineffective haemopoiesis and leukaemic
transformation

MDS is a clonal stem cell disorder which commonly affects
all three myeloid lineages (i.e. megakaryocytic, erythroid and
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granulocytic/monocytic), with trilineage dysplasia and cyto-
genetic abnormalities. Flow cytometry reveals an expansion of
the long-term HSCs, particularly in high-risk MDS. Further-
more, the common myeloid progenitors (CMPs) are expanded
in low-risk MDS, whereas expansion occurs in the granulo-
cyte monocyte progenitors in high-risk MDS. Perhaps unsur-
prisingly, the situation is complicated and varies from one type
of MDS to another. Thus, in 5q– syndrome, the cytogenetic
abnormality can be found in both myeloid progenitors and
pro-B cells, indicative of a true haemopoietic stem cell origin,
while in patients with trisomy 8 the cytogenetic abnormality is
often absent from the CD34+CD38− fraction, suggesting that
there might be a different initiating event occurring within the
haemopoietic stem cell. If so, then this would support the multi-
step theory of disease progression by which the dysplastic clone
evolves over time through acquisition of additional mutations,
allowing selection of more proliferative subclones.
Whole-genome sequencing studies of bone marrow from

patients with AML that had developed from antecedent MDS
shows that 85–90% of bone marrow cells are clonal in these
patients in both the MDS and AML phase. Thus almost all
cells of the bone marrowmyeloid lineage (red cell, granulocytic/
megakaryocytic precursors and megakaryocytes) are clonal.
The clonal architecture in MDS is evident from studies of

TET2 mutations, which are detected in a small fraction of
the immature HSCs, but in a higher proportion of the mature
HSCs, suggesting that the mutation is initiated in the imma-
ture cell, but propagated in the mature cell. The mechanisms
whereby the MDS HSC achieves clonal dominance is as yet
unclear.
Evolution toAML is driven by the acquisition of further driver

mutations leading to the formation of subclones of haemopoi-
etic cells with impaired differentiation and/ormaturation capac-
ity leading to an accumulation of immature cells and AML.
Thus progression to AML is characterized by persistence of the
antecedent founder clone and at least one subclone, with new
somatic mutations displaying intratumoural heterogeneity. The
initial driver mutation may also shape the future trajectory of
clonal evolution through constraints on the repertoire of the
cooperating genetic events (see also Chapter 18). The bonemar-
row microenvironment, also referred to as the stem cell niche
mechanisms, which comprises the stromal, endosteal and vas-
cular environment, maintains the stem cell numbers through
intimate cell–cell contact. Interference with this niche by tar-
geting the molecular interactions between the stem cell and
its microenvironment represents a novel therapeutic strategy.
Such targets include homing molecules such as CD44 or the
ligand–receptor interactions between CXCR4 on stem cells and
its chemokine ligand SDF-1 (CXCL12) and between Tie-2 on
stem cells and angiopoietin-1 on osteoblasts. In comparison
with age-matched controls, the low-risk MDS marrow displays
a particularly inflammatory environment, which may provide
the milieu for the accumulation of mutated clones. Within this

environment myeloid-derived suppressor cells accumulate and
inhibit autologous haemopoiesis. These cells are stimulated by
the S100a9 ligand via CD33 and Toll-like receptor 4 signalling,
leading to ineffective haemopoiesis. The interception of the lig-
and with soluble receptor or interruption of the signalling cas-
cades mediates reversal in ineffective haemopoiesis and is an
area of active study.

Immunological abnormalities in MDS

Immunological abnormalities are commonly encountered in
MDS, suggesting that they may play a role in the aetiology and
pathogenesis of the disease. This is particularly apparent in cases
of hypoplastic MDS that share a number of features in common
with aplastic anaemia, notably clinical presentation with macro-
cytosis and varying levels of dyserythropoiesis. A hypocellu-
lar bone marrow is encountered in approximately 10% of cases
of MDS and may indeed represent one end of the MDS spec-
trum that overlaps biologically with aplastic anaemia. Both dis-
orders are characterized by a clonal expansion of T cells that
are antigen driven, and there is also an association with HLA-
DR15. While the pathogenesis of hypoplastic MDS and aplastic
anaemia remains unknown in detail, both these entities appear
to be characterized by a pathological immune response triggered
by abnormal haemopoietic stem cells that results in the autoim-
mune destruction of normal stem cells and/or their niche. In
addition, acquired mutations in the PIGA gene characteristic of
paroxysmal nocturnal haemoglobinuria (PNH) are also encoun-
tered, presumably through expansion of small clones in an oth-
erwise hypoplastic marrow, suggesting that PNH similarly is
part of this spectrum. Conversely, dysplastic clones carrying
cytogenetic abnormalities can emerge in both aplastic anaemia
and PNH after treatment and can evolve into frank MDS over
time.
A role for the immune system in the pathogenesis of MDS is

also borne out by the higher incidence of autoimmune disease
in these patients. T-cell-mediated inhibition of haemopoiesis
appears to be an important aspect of thismechanism, with oligo-
clonal CD8+ cytotoxic T cells being found in many patients.
However, the antigens produced by the MDS cells that lead
to these T-cell responses are largely unknown although, inter-
estingly, WT1-specific CD8+ cells are often detectable in the
peripheral blood of MDS patients with trisomy 8. Sometimes,
the expanded T cells in MDS can themselves become neoplas-
tic, resulting eventually in the diagnosis of T-cell large gran-
ular lymphocytic leukaemia that also falls into this overlap
spectrum of bone marrow failure states. Recently, analysis of
self-reactive T cells in MDS has focused on the regulatory T
cells that play a central role in maintaining immune tolerance.
This has revealed a correlation between expanded numbers of
CD4+CD25highFoxP3+ regulatory T cells and more aggressive
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forms of MDS, as defined by their blast cell percentage, possi-
bly due to suppression of host antitumour mechanisms. How-
ever, the most persuasive evidence for immune dysregulation in
MDS arguably comes from the recognition that some forms of
the disease, notably hypocellularMDS, like aplastic anaemia, can
respondwell to immunosuppressive therapywith antithymocyte
globulin and/or ciclosporin resulting in durable haematological
recovery and abrogation of T-cell clones.

Apoptosis in MDS

One of the defining, albeit paradoxical, features of MDS is the
presence of cytopenias, despite a typically hypercellular bone
marrow. For those patients undergoing leukaemic transforma-
tion, the cytopenias arise due to maturation block of the malig-
nant cells. However, in cases ofMDS that lack an excess of blasts,
the cytopenias are a reflection of the ineffective haemopoiesis
that is a hallmark of the disease. The mechanism appears to be
one of increased apoptosis of haemopoietic precursors in the
marrow, as demonstrated using in situ end-labelling of frag-
mented DNA to reveal cells undergoing programmed cell death.
Apoptosis is more prominent in early MDS, such as RA and
RARS, than in advanced MDS with excess myeloblasts. Indeed,
for the blasts to overcome this apoptotic tendency indicates that
they have lost their G2/M checkpoint control that appears to be
a necessary requirement for progression to leukaemia. This pro-
gression is accompanied by a change in favour of proapoptotic
proteins such as c-Myc in CD34-positive precursors at diagno-
sis to antiapoptotic proteins such as Bcl-2 in leukaemic blasts
at time of transformation. Moreover, patients with higher rates
of apoptosis have a considerably better overall survival than
patients with lower rates of apoptosis, likely reflecting the clonal
evolution of the MDS towards AML. This finding is corrobo-
rated by flow cytometry analysis of MDS marrow samples to
measure relative levels of apoptosis (by annexin V staining) ver-
sus proliferation (by Ki67) that demonstrates a shift from apop-
tosis to proliferation as the disease progresses. These findings
underpin the theory that apoptosis plays a major role in the
pathophysiology of MDS.
Apoptosis can be initiated by various cytokines, notably

tumour necrosis factor (TNF)-α, Fas-ligand and TNF-related
apoptosis-inducing ligand (TRAIL). Indeed, all these cytokines
and other related ones are typically upregulated in themarrow in
MDS, serving as negative regulators of haemopoiesis. Apoptosis
can also be triggered by cytotoxic T cells and by signals from
marrow stromal cells, probably via activation of similar path-
ways, and intrinsically following DNA damage and mitochon-
drial dysfunction that leads in turn to cytochrome c release and
caspase activation. This balance of proapoptotic to antiapoptotic
signals swings in favour of the latter as theMDS evolves towards
AML, with upregulation of NF-κB, altered expression of adapter

molecules such as Flice inhibitory protein (FLIP) and enhanced
activity of members of the BCL-2 and IAP (inhibitors of apop-
tosis protein) families. This is borne out by a murine model
of MDS/AML in which BCL-2 is conditionally over-expressed
alongside an activatingNRASmutant gene, resulting in a disease
entity reminiscent of MDS. In this model, using a stronger pro-
moter to drive BCL-2 gene expression leads to more rapid AML
progression, providing experimental insight into the process of
leukaemogenesis.

Cytogenetic abnormalities in MDS

Recurrent cytogenetic abnormalities occur in over 50% of
patients with MDS and in 90% of t-MDS (Table 25.4) and pro-
vide evidence of clonality. However, apart from the 5q– syn-
drome, cytogenetic abnormalities are not specific for particu-
lar clinicomorphological subtypes ofMDS. Generally, the loss or
gain of geneticmaterial, through chromosomal deletions, unbal-
anced translocations and aneuploidy, is more characteristic of
MDS than AML. Conversely, balanced translocations that are
typical of de novo AML are rarely seen in MDS.
The common chromosomal abnormalities found in MDS

include loss of Y, 5q– or monosomy 5, 7q– or monosomy 7, tri-
somy 8, 20q–, abnormalities of 11q23, and deletions of 17p, 12p,
13q and 11q, among others. None of these is specific for MDS as
they can also occur in AML and myeloproliferative states.
The International Prognostic Scoring System (IPSS) classified

clones as normal, single recurring, double recurring, complex,
with at least three anomalies in the same cell, or miscellaneous.
Twelve different cytogenetic categories are identified. Normal
karyotype occurred in 60%, –Y in 2%, del(5q) 6%, del(20q)
2%, miscellaneous single 9%, trisomy 8 5%, double chromo-
some abnormalities 3%, miscellaneous double 3%, chromosome
7 abnormality 1%, miscellaneous complex 2% and complex in

Table 25.4 Cytogenetic abnormalities in MDS with approximate
frequency.

Therapy-related
Abnormality Primary MDS (%) MDS (%)

Complex karyotype 15–20 80–90
del(5q)/monosomy 5 15–20 30–40
del(7q)/monosomy 7 10–15 40–50
Trisomy 8 10–15 10–15
del(20q) 5–10 –
del(17p) <5 –
del(13q) <5 –
del(11q) <5 –
del(12p) <5 –
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8%. These were refined into three risk-based cytogenetic sub-
groups: good 70% (normal, del (5q), del(20q) and –Y), poor 16%
(complex or chromosome 7 abnormalities) or intermediate 14%
(all other abnormalities) with median survival times of 3.8, 0.8
and 2.4 years, respectively. The complex group consisted of 66
patients of whom 63 had chromosome 5 and/or 7 abnormali-
ties in addition to other abnormalities (abnormalities of chro-
mosome 5 n = 33, chromosome 7 n = 7 and both 23). How-
ever, 14% of patients had cytogenetic abnormalities of unknown
prognostic significance.
Analysis of a larger cohort of 2902 patients with primary

untreated MDS or oligoblastic AML addressed the signifi-
cance of less common, as well as combined abnormalities. The
median number of metaphases analysed was 20. If a cytoge-
netic anomaly occurred in at least five patients it was a distinct
subgroup. Double abnormalities (i.e. two distinct clonal MDS-
related cytogenetic abnormalities within one cell) are classified
into three subgroups: del(5q) with one additional clonal aber-
ration, −7/del(7q) with an additional clonal karyotypic abnor-
mality and any other combination of two abnormalities. Com-
plex karyotypes are also further subdivided into those with three
unrelated cytogenetic abnormalities and those with more than
three karyotypic abnormalities. Independent clones where two
subclones occur in parallel form a subgroup provided neither
clone is complex. If either clone is complex it counts as a com-
plex karyotype. The incidence of individual abnormalities was
0.4% for inv(3)/t(3q)/del(3q), 6.4% for del(5q), 1.6% for –7, 0.5%
del (7q), 4.7% +8, 0.7% del(11q), 0.6% del(12p), 0.4% i(17q),
0.4% +19, 1.7% del(20q), 2.2% –Y. Rare single abnormalities
(present in <10 patients) all had an incidence of 0.3% or less,
accounted for 9% of all abnormalities and included der(1;7),
+1q, –1/1p–, t(5q),+11, t(11q23), –13/13q–, del(16q), del(17p),
+21, –21, –X,+Mar and other rare subtypes. Double abnormal-
ities including del(5q) accounted for 1.6%, including –7/del(7q)
1.2% and any other double 3.4%. The complex subgroup with
three abnormalities was present in 2.1% and >3 abnormalities
7%. Independent clones were detected in 0.9%. These abnormal-
ities are arranged by impact on overall survival and predilec-
tion for transformation to AML into five groups: very good,
which includes single del(11q) or –Y (2.9% of patients) with
a median overall survival of 60.8 months and a hazard ratio
(HR) for AML transformation of 0.47(0.3–0.7); good (65.9%)
including normal karyotype, single del(5q), del(12p), del(20q),
double including del(5q) and predicts a median OS of 48.5
months, HR 1.0 (0.8–1.3); intermediate (20.7% of patients)
including single del(7q), +8, iso(17q), +19, +21 or any other
individual clonal or double (any other double) and predicts a
median overall survival of 25.0 months, HR 1.59 (1.4–1.9); poor
(3.6%) consisting of single –7, der(3)(q21)/der(3)(q26), double
including –7/7q– or complex with three abnormalities predict-
ing a median overall survival of 15 months, HR 2.83 (2.2–3.7)
and finally the very poor (7%) with complex >3 abnormali-
ties predicting a median OS of 5.7 months, HR 4.37 (3.5–5.5).

This classification has been incorporated into the revised IPSS
and has a greater weighting in predicting prognosis than blast
percentage.

SNP-A karyotyping

Techniques such as gene expression profiling, to identify
expressed transcripts, and comparative genomic hybridiza-
tion (CGH), to identify small regions of DNA gain or loss,
are employed to understand the pathogenesis of MDS. High-
resolution single nucleotide polymorphism (SNP) genotyping
microarrays have been used to detect cytogenetically cryptic
genomic aberrations (Figure 25.2). These SNP microarrays use
chromosomal markers to identify regions of loss of heterozy-
gosity, which occurs either through deletion or functionally via
copy-neutral uniparental disomy (UPD), where the individual
acquires a duplicated copy of an entire or part of a chromosome
derived from one parent due tomitotic recombination, resulting
in LOH without a change in copy number (CN). One study of
119 low-risk MDS patients revealed that UPD occurs in 46% of
cases, while deletions and amplifications occur in 10% and 8%of
cases, respectively. SNP-A is complementary to metaphase cyto-
genetics and cyto-FISH.
In studies of patients with myeloid neoplasms, 44% have

abnormalmetaphase cytogenetics, 49%have a normal karyotype
and 7% are uninformative. The addition of SNP-A detects cyto-
genetic abnormality in 74–75% of patients, including cryptic
lesions in those with normal or uninformative karyotypes, sub-
microscopic lesions and UPD involving chromosomes 1, 5, 7,
11, 17 and 21. A subgroup of patients with both normal kary-
otype and absence of SNP-A defects have a significantly better
outcome (overall survival 16 versus 43months, p< 0.0001) than
those with defects detected by either MC or SNP-A. Further-
more, the presence and number of SNP-A lesions 0 versus 1 or
2 versus >2 are independent predictors of inferior OS and EFS
in MDS. Areas of UPD suggest homozygous mutations in the
region and UPD at chromosome 4q coincides with the TET2
gene that is frequently mutated in MDS.

Deletion chromosome 5q

Interstitial deletion of the long arm of chromosome 5 del(5q) is
the commonest cytogenetic abnormality in MDS, occurring in
10–15% of cases. The 5q– syndrome was originally described in
1974 byVan den Berghe andwas the first entity within the group
of refractory cytopenias to be associated with a consistent chro-
mosomal aberration, namely the interstitial deletion of 5q. The
syndrome is associated withmacrocytic anaemia, thrombocyto-
sis, unilobular megakaryocytes and a low propensity to develop
into AML. It is more common in females thanmales. TheWHO
definition of 5q– syndrome requires the presence of an isolated
del(5q), blasts less than 5% in the bone marrow and less than
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Figure 25.2 Representative examples of genomic mutations
identified in MDS patients using single-nucleotide polymorphism
analyses with high-density microarrays. BM denotes bone marrow
cells and CD3 denotes T lymphocytes. CN, copy number;

LOH, loss of heterozygosity; UPD, uniparental disomy. (Source:
Maciejewski and Mufti, 2008. Reproduced with permission of the
American Society of Hematology.)

1% in the peripheral blood, and absence of Auer rods. However,
not all patients with 5q abnormalities have this syndrome, since
del(5q), and indeed monosomy 5, are also found in more typi-
cal cases ofMDS, frequently as part of a complex karyotype with
other cytogenetic abnormalities.
The 5q– syndrome, with del(5q) as the sole cytogenetic abnor-

mality, has provided an opportunity to define precisely the
molecular defect(s) underlying the pathogenesis of this disease.
The search for a minimal common deleted region on the long
arm of chromosome 5 has spanned three decades and relied
on physical mapping methods. Using FISH analysis, this region
has been narrowed down to a 1.5-Mb interval located on 5q32
(the distal CDR) in low-risk diseases, whereas in higher-risk
MDS and AML, a proximal CDR at 5q31.2 and 5q31.3 is iden-
tified. SNP-A karyotyping in 142 patients with del (5q) AML

and MDS identified del (5q) in an additional six patients and
UPD at del(5q) in four patients. The deleted regions CDR1
(8.5 Mb located between 5q32 and 5q33.2) was seen in all
patients with del(5q) syndrome and the proximal and dis-
tal commonly retained regions (CRR1 and 2, respectively) are
retained. CRR1 spans 81.7Mb and ends at band 5q14.2, whereas
the smaller CRR2 (1.7Mb) begins at 5q34. In other del(5q)MDS
and 5q AML, a 1.92-Mb CDR is centred at 5q31.2 and 5q31.3.
Patients with the typical SNP profile of del(5q) with distal CDR
deletion and retention of CRR1 and 2 (i.e. a smaller deleted seg-
ment) have higher platelet counts and lower-risk disease, with a
median survival of 32months, even if they do notmeet the diag-
nostic criteria of 5q– syndrome. Larger deletions that extend into
the CRR are associated with a shorter survival of 14 months and
a higher risk of transformation to AML. Cases that transform
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to AML without deletions in CRR have other coexisting genetic
mutations involvingNPM1 at 5q35.1 orMAML1. Chromosome
7 abnormalities and LOH at 17p spanning TP53 are common
in del(5q) MDS that has progressed to AML. Epigenetic inac-
tivation of CTNNA1 at 5q31 is a potential marker of disease
progression.
The search for a tumour-suppressor gene located within this

region has involvedmany different approaches over recent years
and resulted in numerous candidate genes. However, it was not
known whether 5q– syndrome required the loss of heterozygos-
ity for a particular gene locus or could arise through haploinsuf-
ficiency of a particular gene alone.
The best candidate gene for 5q– syndromewas recently identi-

fied by way of a functional screening study that used RNA inter-
ference (RNAi) to systematically ‘knock down’ genes in the 5q32
region in normal CD34-positive cells. These cells were cultured
in conditions promoting either erythroid ormegakaryocytic dif-
ferentiation. Partial RNAi knockdown of the ribosomal protein
S14 gene (RPS14) caused a block in erythroid differentiation, but
preservation ofmegakaryocytic differentiation that recapitulates
the phenotype of 5q– syndrome. Moreover, RPS14 was able to
rescue the 5q– phenotype by re-expression in CD34-positive
cells from 5q– syndrome patients. If this result is confirmed,
then there would appear to be a remarkable similarity between
5q– syndrome and the congenital bone marrow disorders of
Diamond–Blackfan anaemia and Schwachman–Diamond syn-
drome that arise due to inherited abnormalities of related ribo-
somal protein genes, namely RPS19 and SBDS, respectively.
While haploinsufficiency of RPS14 explains the clinical features
of the 5q– phenotype, mechanisms that lead to growth advan-
tage of the 5q– clone remain to be fully elucidated.

Chromosome 7 abnormalities

Complete loss of chromosome 7 (monosomy 7) or partial dele-
tion of the long arm of chromosome 7 (del7q) is the secondmost
common chromosomal abnormality, occurring in up to 9% of
MDS cases overall. MC detects isolated monosomy 7/del(7q) in
27% of patients, with the rest having additional lesions, whereas
SNP-A karyotype detects cryptic lesions in additional patients
due to which only 15% are isolated monosomy 7/del(7q) and
85% with more complex lesions (including 12% with addi-
tional lesions only detected by SNP-A). Even in cases with bal-
anced translocations involving chromosome 7, small deletions
(1–5 Mb) are detected at the boundaries of the translocation
by SNP-A. SNP-A karyotyping identifies cryptic lesions in 45%
of isolated 7q lesions identified by MC. The SNP-A-defined
LOH lesions at chromosome 7 are UPD7q, del(7q) and mono-
somy 7. The presence of SNP-A monosomy 7 correlates highly
with hypoplastic MDS (77%), is also found in half the patients
with hypoplastic MDS in whomMC fails, and predicts a poorer
prognosis due to higher rates of transformation to AML (40%
versus 7% without monosomy 7). All cases of chromosome

7 abnormalities in children with JMML and Fanconi’s anaemia
are monosomy 7. SNP-A monosomy 7 tends to be isolated, with
few additional genomic lesions and the absence of LOH at 17p.
In contrast, patients with del(7q) present with higher-risk dis-
ease (88% AML or Int-2/high-risk MDS) and have a higher
number of associated genomic lesions per patient, the common-
est of which is del(5q), found in 50% and often involving the
centromeric or telomeric extremities of the long arm of 5q. LOH
at 17p, which always spans TP53, occurs in 20%. Patients with
del(7q)MDS andMDS/MPNoverlap have a shorterOS and time
to leukaemia progression than patients with UPD(7q) or mono-
somy 7. UPD(7q) occurs more frequently in CMML and has the
lowest number of additional genomic lesions when compared
to monosomy 7 or del(7q) and possibly predicts for a shorter
median overall survival (460 versus 730 days) and a higher rate
of transformation to AML (26% versus 13%). The AML cases
with UPD(7q) often have antecedent CMML. Clinically, mono-
somy 7 MDS is characterized by a lower median age of affected
patients comparedwith deletions of 5q, severe refractory cytope-
nias and tendency to life-threatening infections. It can present as
a total or partial monosomy and may be an isolated abnormal-
ity or part of a complex karyotype. Monosomy 7 confers a poor
prognosis that ranges from14months as an isolated abnormality
down to 7months if the karyotype is complex and involves other
abnormalities. At least two distinct regions of common deletions
have been identified by metaphase cytogenetics: the band 7q22
and the more telomeric regions of 7q31–32 and 7q36. SNP-A
karyotyping delineates three CDRs at 7q22, 7q34 and between
7q35 and 7q36.1. The CDR between bands 7q35 and 7q36.1
contains six genes, including a frame shift mutation in exon 19
position Ile 715 of EZH2. Sequencing of genes within the CDRs
identifies EZH2 mutations as the only recurring mutation. The
relatively better prognosis of patients with large deletions and
their occurrence in children suggests these may be founding
lesions, whereas the smaller partial deletions of 7q represent a
secondary event due to genomic instability.
Another recurrent cytogenetic abnormality in MDS that is

associated with characteristic morphological features is isolated
del(20q), which typically involves erythroid andmegakaryocytic
lineages. Deletions of 20q generally carry a favourable progno-
sis and the pathogenetic gene(s), within the commonly deleted
region 20q12, are unknown.

Molecular basis of MDS

Recent discoveries have provided important insights into the
pathogenesis of the disease. MDS is a preleukaemic dis-
order characterized by impaired cellular differentiation that
has the potential to transform to AML. Conversely, the
myeloproliferative syndromes, including the myelodysplastic–
myeloproliferative overlap, are characterized by enhanced
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survival and proliferation that has the potential to transform to
AML if coupled to a block in differentiation. Thus, conceptually
at least, both MDS and myeloproliferative disorders represent
different routes to acquiring the multiple mutations necessary
for development of AML.

Genetic abnormalities in MDS: candidate
genes and whole-genome sequencing

Application of whole-genome sequencing technologies to var-
ious morphological subgroups of MDS has radically changed
our understanding of the molecular abnormalities that under-
lie dysplastic haemopoiesis, as well as the progression to acute
myeloid leukaemia (Table 25.5). Identification of somatic muta-
tions of TET2 in patients with copy-neutral loss of heterozygos-
ity of chromosome 4q24 was followed by a large number of stud-
ies of the mutational landscape in MDS that have consistently
confirmed the presence of specific gene mutations in up to 90%
of patients, paving the way for a future molecular classification.
The most important of the mutations are discussed below.

Spliceosome mutations
The spliceosome is a complex protein structure responsible for
excising introns from primary mRNA, and aligning exons to
form the mature mRNA that is transcribed. The spliceosome
complex is made up of the U1, U2 and U4/U5/U6 small nuclear
ribonucleoproteins (snRNP) or the U11/12 snRNPs. Splicing
factor 3B (SF3B) along with splicing factor 3A and a 12s RNA
unit form the U2 snRNP. Serine/arginine-rich splicing factor
2 (SRSF2) is a pre-mRNA splicing factor that is important for
binding to RNA. ZRSR2 (zinc finger RNA binding motif and
serine/arginine rich) is the gene that encodes U2 small nuclear
ribonucleoprotein auxiliary factor 35 kDa subunit-related pro-
tein, which is also important in interactions in spliceosome
assembly. As splicing proceeds, the formation of the active
spliceosome involves an ordered, step-wise assembly of discrete
particles on the pre-mRNA substrate. The initiating step is the
formation of the early complex (E), which is formed by the bind-
ing of the U1 snRNP to the GU sequence at the 5′ splice site.
Simultaneously, the proteins involved at the 3′ splice site recog-
nition also begin to bind: SF1 binds to the branch point (BP)
and the serine/arginine-rich proteins SRSF2 and ZRSR2 bind
to the exon splicing enhancer (ESE) site of the next exon to
aid the binding and stability of U2 proteins U2AF1 and U2AF2
(Figure 25.3).
Somatic mutations of the genes encoding the spliceosome

proteins that recognise the 3′ splice site and U2snRNP func-
tion occur in over half the patients with MDS, and appear to
be acquired in the elderly as they are rare in childhood myeloid
neoplasms. The mutations target proteins involved in the initia-
tion of splicing and are restricted to the components of the E/A
splicing complex, including SF3B1, SRSF2, ZRSR2 and U2AF1.
Most mutations are missense and affect conserved positions in

SF3B1, SRSF2, U2AF1 and other spliceosomal proteins (Table
25.5 and Figure 25.4).
The SF3B1 gene encodes the 155 kDa subunit of the SF3B

complex which targets U2snRNP complex to the branch point
during complex A formation. Mutations of SF3B1 are found in
over 90% of patients with ringed sideroblasts, but in only 6% of
patients with MDS without ringed sideroblasts. The mutations
are heterozygousmissensemutations due toA toG transversion,
leading to substitution of lysine at residue 700 by glutamic acid
(K700E) or C to A or C to G substitution at position 662, where
histidine is replaced by glutamine (H662Q). The downstream
effects of these mutations are that exons in up to 350 genes
are differentially used in mutants when compared to wild-type
SF3B1. Amongst these are RUNX1, CBL1, EZH and ASXL1.
Structural differences in iron distribution also occur as a conse-
quence of SF3B1 mutation in RARS, due to downregulation of
pathways affectingmitochondrial ribosomes and electron trans-
port pathways. SF3B1 also interacts with the polycomb group of
proteins and represses HOX genes.
In patients with RARS SF3B1 is mutated in 90% and is always

associated with a good prognosis with reduced rate of transfor-
mation to AML. Phenotypically patients with mutated SF3B1
have higher neutrophil and platelet counts, lower blast percent-
age in the marrow and have ringed sideroblasts.
Mutations of SF3B1 with JAK2V617F mutation has been

demonstrated in up to 50% of patients with the overlap con-
dition of RARS with thrombocytosis (denoted RARS-T).This
mutation, which is more commonly associated with the myelo-
proliferative disorders, causes constitutive activation of the JAK2
protein and downstream signalling. Similarly, mutations of the
MPL gene, which are described in essential thrombocythaemia,
have also been identified in patients with RARS-T.
SRSF2 mutations are the second most frequently mutated

splicing gene. These are heterozygous, missense mutations
specifically at P95H (proline at position 95 which may be
replaced by histidine, leucine, arginine, alanine or threonine).
Mutant SRSF2 is most prevalent in CMML (28%) with a con-
siderably lower frequency in RARS (1.5%), MDS without ringed
sideroblasts (11.6%) and AML (7%). In MDS and CMML
mutant SRSF2 correlates with older age and is associated with
shorter time to progression to AML and lower overall survival
than wild-type SRSF2. Mutations of RUNX1, IDH1 and TET2
occur concomitantly with SRSF2 mutations. The occurrence of
SRSF2 andRUNX1mutation are associatedwith an inferior sur-
vival. EZH2 and TP53 mutations are, on the other hand, exclu-
sive to SRSF2 mutations. The SRSF2 mutations are stable during
the disease course of MDS and are not acquired during disease
progression, which is due to acquisition of mutations in other
genes.
ZRSR2 is amember of theU2AF1-related family that interacts

with theU2AF 65-kDa subunit in spliceosome assembly.ZRSR2
mutations do not appear at ‘hot spots’, but are dispersed non-
sense or frame-shiftmutations leading to a loss of function. They
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Figure 25.3 mRNA splicing pathway. Schema showing splicing of
mRNA leading to the ligation of flanking exons by the spliceosome
proteins. The GU dinucleotide at the 5′ splice-site, branch point
site and AG dinucleotide at the 3′ splice site are specific
recognition sites for splicing (B) The spliceosome components
assemble sequentially to form five different complexes E, A, B, B*

and C. The components include U1, U2, U4/U5/U6 snRNPs. The
rectangles and broken lines represent exonic and intronic regions,
respectively. Gene names with red boundaries indicate mutated
proteins seen in MDS. (Source: Austin et al., 2013 [BJH 2013
162(5): 587–605.] Reproduced with permission of John Wiley &
Sons.)

occur with similar frequency in MDS and AML, cluster with
RAEB-1 and RAEB-2 subtypes of MDS, show severe thrombo-
cytopenia and are associatedwith higher transformation toAML
and poor overall survival.

The U2AF1 gene encodes the 35-kDa subunit of U2AF,
which recognizes the AG dinucleotide that marks the end of the
intron. U2AF1 is critical for splice site recognition in introns,
and U2AF1-related proteins ZRSR1, ZRSR2 and U2AF1L4 can
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Figure 25.4 Mutational landscape of MDS. Frequency of the
commonly mutated genes identified in the sequencing screening in
a cohort of 1677 MDS cases. The size of the circle represents
proportional frequency of the specific gene mutations in MDS.
Each column under the circle represents proportion of gene

mutations in each MDS subtype. (Source: Dr Syed Mian, King’s
College London. Reproduced with permission. The data is
obtained from three published studies: Haferlach et al., 2014
Leukaemia; Papaemmanuil et al., 2014 Blood; Mian et al., 2013
Haematologica.)

substitute for U2AF1 in some gene subsets.Mutations ofU2AF1
occur in codons 34 and Q157 with equal frequency in MDS
without ringed sideroblasts (11.6%), CMML (23%) and AML
(11%), but are not seen in RARS. Thesemutations associate with
shorter time to progression to AML but the impact on overall
survival is unclear. IU2AF1 mutations result in abnormal splic-
ing of RUNX1 and TET2 and mutations of ASXL1 and TET2.
Deep sequencing of RNA (RNA-seq) from MDS patients

harbouring spliceosome mutations show that the downstream
effects occur in genes, some of which have already been impli-
cated in the pathogenesis of MDS. For example, splicing abnor-
malities of RUNX1 occur in cases with SRSF2 mutations and
splicing abnormalities of ASXL1, CBL, EZH1 and RUNX3
occur in two caseswith SF3B1mutations. Similarly, gene expres-
sion profiles of patients with AML and U2AF1 mutations show
downregulation of splicing and RNA recognition motif (RRM)
genes. Spliceosome mutations also show a tendency to aggre-
gate, with genes implicated in aberrantDNAmethylation. Cross-
talk between spliceosome mutations and specific epigenetic
modifiers has also been suggested. Thus SRSF2 and ZRSR2
mutations are common in patients with mutations of DNA
methylation modifier TET2, SF3B1 mutations coexist with

mutations of the methyltransferase DNMT3A and U2AF1
mutations with ASXL1 or TET2mutations. Additional roles for
these genes may also be important, for example SRSF2 is impor-
tant in the regulation of DNA stability and its depletion results
in genomic instability which may account for the coexistence
of SRSF2 with additional mutations and the worse prognosis in
patients with this mutation.

Epigenetic abnormalities
Epigenetics refers to various molecular modifications of chro-
matin that, without altering the DNA sequence, play a criti-
cal role in genomic regulation and control of gene expression.
There are two important epigenetic modifications relevant to
MDS, namelyDNAmethylation and histonemodification.DNA
methylation refers to the addition of a methyl group to cyto-
sine, which can occur wherever this is followed by a guanine
within a CpG dinucleotide pair. Such CpG pairs are under-
represented in the human genome, but cluster together within
so-called CpG islands that tend to be located in the proximity
of gene promoter regions. In normal cells, these CpG islands
are typically unmethylated, allowing genes to be transcribed.
However, if CpG islands are methylated, then transcriptional
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activity at the promoter is impeded and the gene is silenced.
Thus, aberrant promotermethylation leads to inactivation of the
gene, thereby providing a mechanism where genes can be func-
tionally inactive.
The other major epigenetic control mechanism that works

in conjunction with DNA methylation is histone modifica-
tion. Histones form the chromatin scaffold and closely regu-
late whether the DNA exists locally in a repressed or permis-
sive state. Biochemical alterations to the tails of the histone
molecules influence the degree of compaction of the nucleo-
somes and hence the level of transcriptional activity of nearby
genes. Unlike DNA methylation, which is largely irreversible,
histone modifications are more dynamic, particularly acetyla-
tion/deacetylation of lysine residues of histones H3 and H4.
Moreover, there is a close and cooperative interplay between
these two epigenetic control mechanisms that together can ren-
der a gene permanently silenced. The significance of this is that
combination epigenetic therapies that comprise a hypomethy-
lating agent with a histone deacetylase inhibitor may be more
effective than single agents in re-expressing silenced tumour-
suppressor genes. Genes that control DNA methylation (TET2,
DNMT3a and IDH1/2) and chromatin modification (ASXL1
and EZH2) are frequently mutated in MDS and may be respon-
sible for the disordered differentiation manifested.
The TET2 (ten-eleven-translocation) gene is one of the three-

member TET family of genes, has two highly conserved regions
implicated in the conversion of 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (5hMC). It is located within a region
of UPD and microdeletion at chromosomal position 4q24 and
is mutated in patients with MDS (15–27%), in CMML (44%),
secondary AML (24%) and myeloproliferative disorders (12%).
Recurrent somatic mutations in TET2 can occur in the elderly
with clonal haemopoiesis, but not manifest clinically, suggest-
ing that this is an early mutation that can cause haemopoietic
stem cell expansion. The mutations are often nucleotide substi-
tutions resulting in missense, frame shift, stop codons, in-frame
deletions or amino acid substitutions in extremely conserved
residues. A single mutation or two different mutations may
occur in the same patient, resulting in heterozygous or homozy-
gous loss of copies of the TET2 gene. TET2 shares sequence
homology with TET1, a fusion partner of the MLL oncogene
in AML that catalyses the conversion of 5-methylcytosine to 5-
hydoxymethylcytosine. TET2 lacks DNA binding domain and
maintains hypomethylation by utilizing Fe2+ and 2-oxyglutarate,
a product of the Krebs cycle, to add a hydroxyl group to 5-
methylcytosine, converting it to 5hMC, which is then converted
to cytosine by base excision repair. Levels of 5hMC are consis-
tently reduced in patients withTET2mutations. 5hMC is prefer-
entially distributed at transcriptional start sites and along highly
expressed exons, and correlates with enhanced gene expres-
sion. In MDS, TET2 mutations are often found in patients
with a normal karyotype and older age, and may be a marker
of clonality. TET2 mutations commonly coexist with SRSF2

mutations in CMML. These mutations occur early in the patho-
genesis ofMDS, appear not to be predictors of transformation to
AML, but may predict positive responses to therapy with hypo-
methylating agents.
IDH1/IDH2 (isocitrate dehydrogenases 1 and 2) are isoforms

of the critical NADP-dependent enzyme in the Krebs cycle
catalysing the decarboxylation of isocitrate to α-ketoglutarate
(see Chapter 18). Mutations of these enzymes lead to deple-
tion of α-ketoglutarate (α-KG), which is necessary for TET2 and
the jumonji family of histone demethylases, and TET inhibition,
resulting in widespread promoter hypermethylation. Addition-
ally, the ensuing accumulation of 2-hydroxyglutarate (2-HG)
inhibits other α-ketoglutarate-dependent enzymes. Mutations
occur most frequently at arginine 132 in IDH1 and arginine 140
and 172 in IDH2, disrupting the isocitrate binding site and hin-
dering the synthesis of α-KG, which is reduced instead to 2-HG.
IDH1, IDH2 and TET2mutations are mutually exclusive; how-
ever, the epigenetic profiles consequent to these mutations are
similar to reduced 5hMC, which may lead to impaired HSC dif-
ferentiation. IDH1 mutations occur in 4–12% of MDS and pre-
dict a poor outcome.
DNMT3A (DNA methyltransferase 3A) is the enzyme medi-

ating de novo methylation of CpGs. It is somatically mutated
in de novo AML and MDS with mutations occurring through-
out the coding regions as missense or nonsense heterozygous
mutations, but over 50%occur at arginine 882 (R882), which dis-
rupts the methyltransferase domain, DNA binding and reduces
enzyme activity (methylation). The frequency of mutation in
MDS is lower (10–15%) and does not segregate with any par-
ticular cytogenetic subgroup. These mutations occur in older
individuals and in RCMD or RAEB. DNMT3A mutations are
associated with rapid progression to AML, although in RARS
the effects of SF3B1mutation are dominant and patients are less
likely to progress.
Post-translational modifications of histones play an impor-

tant part in epigenetic regulation of gene expression. Fun-
damental to mediating these modifications are the polycomb
repressor complex proteins 1 and 2 (PRC1 and PRC2) that
are known to silence HOX genes through modulation of chro-
matin. They mediate transcriptional repression by trimethy-
lation of histone 3 at lysine 27 (H3K27me3) and ubiquitina-
tion of histone 2A at lysine 119, both of which are markers of
repression. PRC2 includes EZH2 (enhancer of zeste homolog 2),
EED (embryonic ectoderm development), SUZ12 (suppressor
of zeste 12) and RBBP4 (retinoblastoma binding protein 4).
PRC2 has histone methyltransferase activity and is respon-
sible for initial targeting of genomic regions to be silenced.
PRC1 has an E3 ubiquitin ligase activity that monoubiquitiny-
lates H2A on lysine 119 (H2AK119ub1) and is responsible
for stabilizing PRC2-mediated silencing and long-term cellular
memory.
ASXL1 (additional sex combs-like 1) is part of a family of

genes that are enhancers of trithorax and polycomb proteins,
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which are involved in the maintenance of activation and the
silencing of development-related genes by chromatin remod-
elling. The ASXL1 gene is located at 20q11.1. Mutations occur
frequently in exon 12, with a common somatic frame shift muta-
tion (Gly646TryfsX12) occurring in 50%, leading to truncation
of the protein and loss of the C-terminal PHD domain. Gene-
expression profiling reveals deregulation of the retinoic acid
receptor activation pathways in patients with mutant ASXL1.
With loss of the PHD domain, H3K27me3 levels are reduced
at the HOXA locus, whereas H2AK119 ubiquitylation is not
changed. Additionally, the direct interaction between ASXL1
and PRC2 is disrupted, compromising PRC2 function. Muta-
tions of ASXL1 have been shown to promote myeloid trans-
formation by inhibiting the PRC2-mediated gene repression.
ASXL1 mutations are common in both MDS (16.2%), de novo
AML (6.5%), secondaryAML (30%), CMML (45%) and primary
myelofibrosis (34%), and are associated with a poor clinical out-
come in all myeloid neoplasms.
EZH2 is a key component of the PRC2 complex and induces

H3K27 di- or trimethylation, via a conserved SET domain,
with resultant compaction of chromatin, and inhibits transcrip-
tion. It can also recruit DNA methyltransferase, induce DNA
methylation and gene-promoter silencing, thus further repress-
ing the gene. Somatic EZH2 mutations in MDS can be truncat-
ing mutations, which occur throughout the gene, whereas mis-
sense, frame shift and loss of function mutations cluster at the
carboxy terminal of the SET (Su(var) 3-9 and enhancer of zeste)
cysteine-rich domain, CXC and D2 domains and occur in about
6–8% of patients. Disruption of the SET domain leads to global
reduction in H3K27 me2/me3 (H3K27 di- and trimethylation).
Inactivating EZH2 mutations, particularly homozygous muta-
tions in low-risk MDS, result in absent H3K27me3 and are an
independent indicator of poorer outcomes. Patients with MDS
or MDS/MPN with del(7) or monosomy 7, or UPD of 7q have
an increased frequency of EZH2mutations (up to 71%). Down-
stream loss of function of EZH2 de-represses genes such as
HOXA andHOXB, leading to proliferation and stem cell expan-
sion. Mutations of other components of PRC2 complex SUZ12
and EED occur at a low frequency, with reduction of methyl-
transferase activity.
Integration of these different epigenetic mutations in MDS

suggest that they act to modulate the expression of clusters
of genes that regulate haemopoietic stem cell renewal, pro-
liferation and differentiation. The epigenetic and spliceosome
mutations appear to cooperate. It would appear that spliceo-
some mutations that are mutually exclusive of each other affect
the expression of particular sets of downstream genes and
hence impair differentiation of cells generating morphological
dysplasia.

Somatic mutations in other pathways
Somatic mutations of the RUNX1 (AML1) gene have been
recognized to occur in 7–8% of all patients with MDS,

particularly where it is treatment-related or radiation-induced.
In contrast to the mutations of RUNX1 found in M0 AML that
are often biallelic, those found inMDS are generally monoallelic
and result in haploinsufficiency rather than a dominant-negative
protein. Moreover, while the mutations in AML tend to occur in
the Runt domain and affect DNA binding, mutations in MDS
occur more frequently in the C-terminus of the protein, causing
truncation and loss of its transactivating domain. Interestingly,
individuals who inherit one abnormal copy of the RUNX1 gene
commonly exhibit congenital thrombocytopenia, with a propen-
sity to develop AML, suggesting the gene might be acting as a
tumour suppressor in this setting. RUNX1mutations are associ-
ated with advanced disease, severe thrombocytopenia and poor
clinical outcome.
The RUNX1 gene is also involved in one of the few examples

of a recurrent MDS-associated chromosomal lesion, namely the
t(3;21) translocation found in some cases of MDS (and in blast
crisis in chronic myeloid leukaemia). This translocation rear-
ranges the RUNX11 and EVI1 (also known asMDS1) genes, fus-
ing the N-terminus of AML1 with a small portion of MDS1 and
nearly all of EVI-1 and results in a fusion protein that appears
to de-regulate normal haemopoiesis. EVI-1 is a zinc-finger pro-
tein that when over-expressed can block erythroid differentia-
tion and promote transformation. Translocations that involve
only chromosome 3, namely t(3;3) and inv(3), both cause over-
expression of EVI1 and are associated with MDS and AML with
abnormal megakaryocytes.
TP53 gene is located at chromosome 17p13.1 and encodes

for p53, a coordinator of transcription programs and a key cell-
cycle control protein at the G1/S checkpoint, which can trig-
ger apoptosis, and is a well-known tumour-suppressor gene.
TP53 mutations occur in 5–10% of patients with MDS, partic-
ularly in patients with advanced disease, therapy-related MDS
in association with deletions of chromosome 5 and 7, and
complex karyotypes that include abnormalities of chromosome
17. However, 30–50% of patients with complex cytogenetics
have TP53 mutations. Patients with TP53 mutations have an
unfavourable clinical outcome and a high risk of leukaemic evo-
lution. TP53 mutations are particularly associated with del(5q)
MDS and may occur at an early stage of the disease and in
copy-number alterations of chromosome 5, as 90% of TP53-
mutated patients have either isolated 5q– or –5/5q–. Their pres-
ence predicts for poorer response rates to lenalidomide and an
increased likelihood of progression to AML. TP53 mutations
often have fewer mutations in other genes implicated inmyeloid
disease pathogenesis. Phenotypically, del(17p) is associated with
the presence of pseudo-Pelger–Huët cells containing small vac-
uoles, deletion of TP53 and a high risk of leukemic transfor-
mation. In del(5q), haploinsufficency of RPS14 disrupts ribo-
some assembly, accelerates MDM2 degradation and stabilizes
TP53.
Activating mutations of the Ras superfamily that encode

small GTP-binding proteins are involved in intracellular
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signal transduction. Mutations in MDS affect NRAS (neurob-
lastoma RAS),KRAS (Kirstin RAS),NF1 (neurofibromatosis 1),
PTPN11 (protein tyrosine phosphatase, non-receptor type 11)
and CBL (Casitas B-lineage lymphoma). In adults these usu-
ally involve NRAS, are found in up to 20% of cases of MDS,
especially CMML, and are often associated with RUNX1 point
mutations. In juvenile CMML somatic or germline mutations
of RAS pathway genes occur in 90% of patients and secondary
mutations of SETBP1 and JAK3 are implicated in disease
progression.
SETBP1 (SET-binding protein 1) encodes a protein that binds

the SET nuclear oncogene that is involved in DNA replication.
The gene on 18q12.3 is subject to germline mutations caus-
ing the Schinzel–Gideon midface retraction syndrome, with
skull abnormalities, hydronephrosis and developmental delay. In
atypical CML, somatic mutations occur in 25–30% of patients,
whereas the frequency is lower, approximating 2% in MDS and
2.5% in secondary AML. The mutations are consistently in the
region of codons 858 to 871, with hot spots at D868 and G870,
and result in a gain of function as SETBP1 over-expression pro-
motes self-renewal of myeloid progenitors. Patients with these
mutations tend to have a higher white cell count, may have
a complex karyotype or monosomy 7 and a worse prognosis
compared to wild-type. Other genes occasionally found to har-
bour mutations in MDS include those encoding various cell-
surface receptors with kinase activity, such as FMS (now called
CSF1R), KIT, FLT3, PDGFRB and GCSFR, and those encod-
ing transcription factors, such as GATA1, PU.1 (SPI1), CEBPA,
MLL and TP53. Mutations of the ATRX gene located on the
X chromosome are associated with the rare phenomenon of
acquired HbH disease, also termed acquired α-thalassaemia in
MDS, in which the dysplastic red cells are markedly microcytic
and hypochromic, with HbH inclusions.
The CBL gene at chromosomal position 11q23.3 is another

candidate tumour-suppressor gene recently implicated in MDS.
It was identified through demonstration of a recurrent UPD
at 11q in 12 of 301 patients (4%) with various myeloid malig-
nancies, including MDS/MPN, CMML, CML blast crisis and
JMML. Of these, seven patients were found to carry mutations
of the c-CBL gene, which functions as an E3 ubiquitin ligase
involved with ubiquitination and degradation of active protein
tyrosine kinases. The oncogenic mutations occur in a highly
conserved α-helix linker joining SH2 tyrosine kinase receptor
binding domain with a RING domain. Three unique muta-
tions within or directly adjacent to the RING finger domain
result in substitution of cysteine at codon 384 with tyrosine
(C384Y) or C404Y or the substitution of arginine at codon
420 with either glutamine or proline (R420Q/P). These muta-
tions are not associated with del(11q). Patients have monoblasts
or monocyte proliferation, splenomegaly, surface expression of
CKIT on malignant cells, increased reticulin fibrosis and trans-
formation to AML. Megakaryocytes in CMML show hyper-
chromatic and abnormally lobated raisinoid nuclei, and express

aberrant pSTAT5. Mutations in this family of genes are pre-
dictive of an adverse prognosis, with a median survival of
5 months.
Nonsense mutations of CSF3R, which encodes the receptor

for colony-stimulating factor 3, result in a truncated CSF3R
protein that is responsible for the development of MDS/AML
in severe congenital neutropenia. Mutations of the cohesion
complex (a highly conserved four-subunit ring structure that
encircles sister chromatids during metaphase) that is critical in
enabling the cohesion of sister chromatids and transcriptional
regulation and post-replicative DNA repair are found in MDS.
The genes STAG2, RAD21, SMC1A and SMC3 are involved in
the cohesion complex and mutations of STAG2 are found in 6%
of MDS patients, whereas mutations of all four genes are found
in 8% of MDS, 10% of CMML and 12% of patients with AML.
BCOR (BCL 6 corepressor) is located on Xp11.4 and encodes

a corepressor of BCL6. Inactivating mutations of BCOR have
recently been described in AML with a normal karyotype and
in 4.2% of MDS patients. Germline mutations of BCOR cause
the oculo-facio-cardio dental syndrome with microphthalmia,
dysmorphic appearance and dental abnormalities. The somatic
mutations occur throughout the gene and result in absent or
low expression of truncated BCOR protein. The mutations are
mutually exclusive to NPM1, but segregate with DNMT3A and
RUNX1mutations in 40–50% of cases. In patients with CMML,
the frequency of mutation is 7.4% and concomitant mutations
occur most frequently with U2AF1.
GATA2 (GATA binding protein 2) is a crucial transcription

factor for haemopoietic differentiation and lymphatic forma-
tion. It is important in maintaining the proliferation and sur-
vival of earlyHSC and preferential differentiation to erythroid or
megakaryocyte lineage. The gene has an N-terminal transacti-
vating domain, with two highly conserved zinc-finger domains.
Two classes of mutations, namely N-terminal frame-shift muta-
tions with premature termination, leading to a non-functional
protein lacking most of the carboxy terminal, and missense
mutations in the C-terminal zinc-finger domain, which disrupts
DNA and other transcription factor binding. The most com-
mon of these is Thr354met, but Thr358Lys and Leu359Val have
also been described. Large frame-shift mutations are associated
with lymphoedema and may occur at R398W, R398Q or T354M
(Emberger syndrome; autosomal dominant). Germline muta-
tions are responsible for familial MDS/AML, which presents
at a younger age and often more than one first-degree relative
has AML-MDS with an autosomal dominant inheritance. They
can also cause the MonoMAC syndrome with congenital infec-
tious disease, persistent and profound peripheral monocytope-
nia, B- and NK-cell lymphocytopenia and the near absence of
dendritic cells, with an increased susceptibility to mycobacte-
rial and papilloma viral infections. Serum FLT 3 levels may be
elevated due to stress haemopoiesis and may help in defining
disease progression. Clinically, problems due to cytopenia may
predate MDS.
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Diagnosis

Clinical features

Approximately 20% of cases of MDS are detected incidentally in
patients who have a routine blood count taken for unrelated rea-
sons that reveals unexpected cytopenia or dysplasia. The major-
ity of the remainder present with symptoms and signs of bone
marrow failure, notably fatigue due to anaemia in up to 80% and
infections or bleeding in up to 20%. Among the most common
infections are bacterial pneumonias and skin abscesses, occur-
ring particularly in patients with a neutrophil count of less than
1× 109/L. Features of lymphadenopathy, splenomegaly and hep-
atomegaly are rarely found. There is a recognized association
between MDS and several rare disorders that seem to have an
immunological basis, including neutrophilic dermatosis (Sweet
syndrome), pyoderma gangrenosum and cutaneous vasculitis.

Blood count

Macrocytic anaemia is the predominant finding inmost patients
at presentation, occurring as pancytopenia in 30–50%or in com-
binationwith neutropenia or thrombocytopenia in 20–30%. Iso-
lated neutropenia or thrombocytopenia is rarer, accounting for
5–10% of presentations. Occasionally, the blood count is normal
and the diagnosis is suggested by abnormal parameters gener-
ated by automated cell counters that reflect aberrant morphol-
ogy, such as the red cell distribution width, which can itself
become a useful marker of MDS.

Peripheral blood morphology

Morphological abnormalities in the peripheral blood, while gen-
erally non-specific for MDS, can nonetheless be very helpful in
arriving at a diagnosis. At least 200 cells in the peripheral blood
require evaluation and 10% of any lineage must be found to be
dysplastic to count as evidence of dysplasia. There is commonly
marked anisocytosis/poikilocytosis and the red cells tend to be
macrocytic and oval-shaped. In sideroblastic anaemia, the blood
film is classically dimorphic, containing a minority population
of hypochromic microcytic cells; Pappenheimer bodies, which
can be confirmed with an iron stain, and basophilic stippling
may also be seen. Microcytosis is present in the rare variant of
acquired HbH disease. Some patients have occasional circulat-
ing erythroblasts in the peripheral blood that are often dysplastic
or megaloblastic.
Neutropenia is common and neutrophils often exhibit

reduced granulation and the acquired Pelger–Huët anomaly
(Chapter 19). Hypogranular neutrophils arise due to defective
formation of secondary granules, with the agranular ones being
highly specific for MDS. The pseudo-Pelger–Huët neutrophil is
one that exhibits dense clumping of the chromatin and hypolob-
ulation of the nucleus that is classically bilobed (resembling

a pair of spectacles) or even non-lobed (resembling a dumb-
bell). This acquired abnormality, which resembles the inherited
Pelger–Huët anomaly, is sufficiently characteristic of MDS to be
almost pathognomonic.
Monocytosis is present, by definition, in CMML and mono-

cytes can often be morphologically abnormal. While often
reduced inMDS, basophils and eosinophils might also be raised
in the proliferative overlap syndromes. Circulating blasts may
be found in all categories of MDS, but if present in signifi-
cant numbers are more usually indicative of RAEB. Finally, the
platelet count is often reduced and platelets may show dyspla-
sia, such as hypogranulated and giant forms. In CMML, circu-
latingmonoblasts (large oval nuclei, open chromatin, prominent
nucleoli, variable basophilic and some azurophilic granules) and
promonocytes (similar tomonoblasts, but with indented or con-
voluted nuclei) may be present.

Bone marrow morphology
(see also Chapter 19)

The ability to diagnosis MDS according to the presence of dys-
plastic morphology is critically dependent on optimal staining
of the marrow slides with a Romanowsky stain (Figure 25.5).
Ideally, only a small volume of marrow should be aspirated to
avoid excess dilution with peripheral blood. There is often con-
siderable interobserver variation, particularly where the dysery-
thropoiesis or granulocytic hypogranularity is subtle, but better
consistency among observers in identifying cells, such as ring
sideroblasts (five or more siderotic granules that encircle over a
third of the nuclear circumference), pseudo-Pelger–Huët cells,
micromegakaryocytes (megakaryocytes that are approximately
the size of promyelocytes), and when myeloblasts are clearly
increased. Blasts may be agranular or granular and are distin-
guished from dysplastic promyelocytes, both of which may be
granulated and have nucleoli, by the presence of a clearly iden-
tifiable Golgi zone in the latter.
The bone marrow is hypercellular in the majority of patients,

due to erythroid and/or granulocytic hyperplasia, but can be
normocellular or, in 10–20% of cases, hypocellular. Dysplastic
features can be recognized in any number of lineages and amin-
imum of 500 cells (at least 100 of these should be non-erythroid
cells, particularly when the erythroid cells are>50% of the bone
marrow) should be examined to gain an accurate and represen-
tative differential of cells in the myelogram.
Erythropoiesis is usually normoblastic, butmay exhibitmega-

loblastic features. In patients with sideroblastic anaemia, the ery-
throblasts are often poorly haemoglobinized or show cytoplas-
mic vacuolation. The list of dysplastic features is considerable
and may include binuclearity and multinuclearity, internuclear
bridging, nuclear budding and fragmentation, increased pykno-
sis and basophilic stippling. Cytochemical iron staining should
be performed in all cases of suspected MDS in order to quan-
tify iron stores and to detect and enumerate ring sideroblasts
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(a) (b)

(c) (d)

(e) (f)

Figure 25.5 (a) Marrow aspirate showing erythroid dysplasia
(nuclear irregularity, binucleate late normoblast, basophilic
stippling). (b) Marrow aspirate stained with Perls stain from a
patient with RARS showing ring sideroblasts. (c) Marrow aspirate
showing myeloid dysplasia with neutrophil hypogranularity,
pseudo-Pelger–Huët cell, promyelocyte with a Golgi zone.

(d) Marrow aspirate showing RAEB with promonocytes, blasts,
basophil, vacuolated neutrophil. (e) Marrow aspirate with
megakaryocytic dysplasia with a bilobed nucleus. (f) Marrow
aspirate with megakaryocytic dysplasia with a hypolobated
nucleus.
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(g) (h)

(i) (j)

(k) (l)

Figure 25.5 (Continued) (g) Dysplastic megakaryocyte with
multiple widely separated nuclei. (h) Marrow aspirate from a
patient with 5q– MDS showing hypolobated megakaryocyte. (i)
Marrow aspirate from a patient with CMML showing monocytes,
promonocytes and blast cells. (j) Marrow aspirate showing a

patient with CMML with monoblasts. (k) Peripheral blood smear
from a patient with CMML showing monocytes and
promonocytes. (l) Bone marrow aspirate from a patient with AML.
(Source: Dr Robin Ireland, Department of Haematology, Kings
College Hospital, London. Reproduced with permission.)
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(m)

Figure 25.5 (Continued)

and pathological non-ring forms. Rarely erythropoiesis may be
absent due to pure red-cell aplasia that can accompany MDS.
Granulopoiesis is usually hyperplastic. Dysplasia of the gran-

ulocytic series is often quite difficult to appreciate and includes
defective granulation, agranular or hypogranular cells or the
presence of pseudo-Chediak–Higashi granules, and nuclear
hypo- or hyperlobulation. Granulocytic precursors may show
cytoplasmic basophilia with aberrant granulation. Prominent
basophilic and eosinophilic differentiation and increased num-
bers of blasts may be present. In the context of the WHO 2008
classification, blasts that display Auer rods signify RAEB-2 or
CMML-2, regardless of blast percentage.
Megakaryopoiesis is commonly dysplastic, of which the most

specific feature is the micromegakaryocyte. This is typically the
size of a myeloblast with an ill-defined or blebbed outline and a
single monolobed nucleus. Other megakaryocytes may exhibit
hypolobulation or contain multiple disparate nuclei due to aber-
rant maturation. In the acquired 5q– syndrome, there are often
increased numbers ofmegakaryocytes that are variably sized and
contain a large non-lobulated nucleus.

Bone marrow histology

Histological analysis of the bone marrow can yield diagnos-
tic information not apparent by aspirate morphology, particu-
larly regarding bone marrow cellularity, architectural changes
and stromal reactions. Bone marrow trephine biopsy is recom-
mended at diagnosis in suspected cases of MDS. The majority
of patients with MDS have hypercellular marrows, but a signifi-
cant minority (10%) will have a hypocellular marrow. Cytologi-
cal evidence of dysplasia can be found in all lineages, but is most
easily detected in the erythroid precursors. Abnormal cluster-
ing ofmegakaryocytes is often seen, as aremicromegakaryocytes

that can bemore easily detected by immunohistochemical stain-
ing with CD61. Abnormal localization of immature precursors
(ALIP) is a much-debated finding that refers to the clustering
of promyelocytes in intertrabecular regions of the biopsy. Their
presence tends to indicate propensity to leukaemic transforma-
tion. The presence of aggregates (3–5 cells) or clusters (>5 cells)
of blasts, usually localized in the central portion of the bonemar-
row away from vascular and endosteal surfaces of trabeculae, are
frequently found in RAEB and imply an aggressive course. Reti-
culin staining may demonstrate increased reticulin that may be
mild, but can also be WHO grade 2 or 3. The presence of reti-
culin is often helpful in differentiating hypoplastic MDS from
aplastic anaemia. Additionally, in fibrotic MDS, splenomegaly is
notably absent or mild. In some cases an increase in mast cells
may be present.

Cytogenetic abnormalities in MDS

Clonal cytogenetic abnormalities occur in about 50% of
patients with MDS. Detection of some of these abnormali-
ties are presumptive of MDS if accompanied by refractory
cytopenias, even in the absence of morphological dyspla-
sia. These include unbalanced aberrations such as mono-
somy 7 (–7), del 7q), –5, del(5q), isochromosome 17q
i(17q), t(17p), 13, or del(13q), del(11q), del(12p), t(12p),
del(9q), idic(X)(q13) and the rarer balanced translocations
t(11;16)(q23;p13.3), t(3;21)(q26.2;q22.1), t(1;3)(p36.3;q21.2),
t(2;11)(p21;q23), inv(3)(q21q26.2) and t(6;9)(p23;q34). The
presence of trisomy 8, –Y or del(20q) are not defining for
MDS and require morphological evidence of dysplasia to make
the diagnosis. Some of these abnormalities define clinical syn-
dromes such as the 5q– syndrome, which is seen in older
women presenting with a refractory macrocytic anaemia, nor-
mal platelet count or thrombocytosis and an isolated del(5q)
with non-lobatedmegakaryocytes in the bonemarrow. Similarly
loss of 17p is associatedwith pseudo-Pelger-Huët anomaly, small
vacuolated neutrophils and an unfavourable clinical course
due to TP53 mutation. The abnormalities of chromosome
3 (inv(3)(q21q26.2) or t(3;3)(q21;q26.2)) are associated with
increased abnormal megakaryocytes and del(20q) with ery-
throid and megakaryocyte abnormalities. Cytogenetic abnor-
malities form an important prognostic indicator in MDS, as
discussed below with prognostic scores. SNP karyotyping in
normal cytogeneticMDS can detect deletions or uniparental dis-
omies that are undetected by normal karyotyping, as discussed
with pathogenesis.

Molecular abnormalities in MDS

Recurrent acquired somatic mutations have been identified in
MDS, but are not specific to MDS. However, detection of these
provide evidence of clonality and are useful in patients with nor-
mal karyotypes. Thus, although not as yet recommended as a
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routine test, the combination of cytogenetics and sequencing
may identify an abnormality in over 90% of patients with MDS
and CMML.

Other investigations

Immunophenotyping does not play a major role in the diag-
nosis of MDS and need not be routinely performed. However,
various abnormalities are discernible, notably low side-scatter,
reduced expression of normal myeloid markers and aberrant
patterns of expression of othermarkers. CD34 expression, and to
a lesser degree CD117, often correlates with the blast percentage,
while coexpression of CD7 is significant for conferring a worse
prognosis.
There are a number of further laboratory tests that are com-

monly abnormal inMDS, but which are rarely indicated for pur-
poses of diagnosis. These include the following:
1 Granulocyte function tests to demonstrate defective phagocy-
tosis, cell killing and motility.
2 Platelet function tests to demonstrate reduced aggregation
and prolonged bleeding time.
3 Haemoglobin electrophoresis, or HPLC, to detect HbH
(raised in acquired HbH disease) and HbF (raised in juvenile
myelomonocytic leukaemia).
4 Ferrokinetics to assess erythropoiesis.
5 Autoantibodies (found in up to 50% of CMML patients).
6 Serumprotein electrophoresis to assess immunoglobulins and
detect the presence of a paraprotein.
7 Lymphocyte populations to detect altered numbers of T-cell
subsets and natural killer cells.
8 Exclusion of HIV infection and parvovirus B19 infection in
hypoplastic MDS.

Natural history and prognostic factors

Natural history

The natural history of MDS is highly variable due to the consid-
erable biological heterogeneity of the disease. The median sur-
vival of adult patients with primary MDS is approximately 20
months, but this varies from only a fewmonths for patients with
high-risk disease up to nearly 12 years for patients with low-risk
disease. At one end of theMDS spectrum are patients whose dis-
ease rapidly transforms into AML, while at the other end are
patients with modest levels of anaemia not requiring transfu-
sion support. Many factors influence the clinical course of the
disease, including the subtype of MDS, the levels of dysplasia
and blast percentage, and the number of cytopenias present. The
biology of the disease, which dictates the rates of clonal expan-
sion and leukaemic evolution, clearly involves genetic and epi-
genetic abnormalities.

Cytogenetic analysis represents the most important investi-
gation at diagnosis, both for understanding the biology of the
disease and for making prognostic recommendations for the
patient. Indeed it is possible to construct a prognostic scheme
in MDS based solely on the cytogenetic abnormalities. This was
recently carried out by the German–AustrianMDS StudyGroup
using data generated from 1202 patients treated with supportive
care only. Their analysis was based on a total of 24 different kary-
otypic abnormalities, ranked according to the median survival
of patients with each abnormality, which were then grouped
into four risk subgroups. The most common cytogenetic abnor-
mality in each of the four karyotypic subgroups, along with
their respective median survival, were as follows: 5q– in good-
risk group (55 months), trisomy 8 in intermediate-I risk group
(29 months), chromosome 7 anomalies in intermediate-II risk
group (15 months) and complex (more than three anoma-
lies) in poor-risk group (8 months). However, normal kary-
otype accounted for just over 50% of all the cases studied and
these could be categorized into the good-risk group. For these
patients, alternative techniques will be required to further delin-
eate the genetic abnormalities, for instance high-resolution SNP
microarrays. One such study of low-riskMDS patients with nor-
mal karyotypes identified UPD in 46% of cases analysed, com-
pared with deletions in 10%, both of which result in cryptic loss
of heterozygosity and potential predisposition to development of
MDS. In the future, new analytical tools, includingmatrix CGH,
microarray gene expression analyses, proteomics and methyla-
tion profiling, will no doubt add further to our understanding of
the pathogenesis of MDS, identification of therapeutic targets,
and individualization of prognosis and therapy. Until such time,
we are left with a long list of clinical and laboratory criteria by
which to determine prognosis and optimal management for an
individual diagnosed with MDS.

International Prognostic Scoring System

The International Prognostic Scoring System (IPSS) was pub-
lished in 1997 by an InternationalMDSRisk AnalysisWorkshop
(Tables 25.6–25.8). It was based on the retrospective evaluation
of a clinical, morphological and cytogenetic dataset obtained
from 816 patients with MDS that was compiled from seven
large, risk-based studies. These patients were either untreated
or had received only short courses of low-dose oral chemother-
apy or haemopoietic growth factors. The study included those
patients diagnosed with MDS according to the FAB criteria,
except for those patients with proliferative CMML, defined
as having a white cell count greater than 12 × 109/L. A
global analysis was performed and critical prognostic variables
were evaluated to generate a consensus prognostic scheme,
particularly using more refined bone marrow cytogenetic
information. In addition to patient age, univariate analysis
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Table 25.6 International Prognostic Scoring System (IPSS).

Score value

Variable 0 0.5 1.0 1.5 2.0

Bone marrow
blasts (%)

<5 5–10 – 11–20 21–30

Karyotype* Good Intermediate Poor – –
Cytopenias† 0/1 2/3 – – –

*Karyotype status: good category includes normal, –Y, del(5q), del(20q);
poor category includes complex (three or more) abnormalities,
chromosome 7 anomalies; intermediate category includes other
abnormalities.
†Cytopenias defined as haemoglobin <10 g/L, neutrophils <1.8 × 109/L
and platelets <100 × 109/L.

indicated that the major variables having an impact on dis-
ease outcome for evolution to AML were cytogenetic abnormal-
ities, percentage of myeloblasts in the marrow and number of
cytopenias.
The IPSS generates an overall score using three criteria,

namely blast percentage, number of cytopenias and karyotype
risk. Based on this score, patients are allocated into one of four
risk groups: low, intermediate-1, intermediate-2 or high. The
median survival for each of these groups is stratified according

to age at diagnosis, but broadly ranges from 5–7 years for low
risk, 3–5 years for intermediate-1, 1–2 years for intermediate-2,
to 4–8months for high risk. The value of such a prognostic scor-
ing system is clearly dependent on the type of treatment that a
patient receives. The IPSS has been validated in patients under-
going allogeneic transplantation, but the outcome of patients
receiving intensive chemotherapy is more dependent on cyto-
genetic data than the percentage of marrow blasts and the IPSS
appears less helpful in this setting. More recently, an alterna-
tive prognostic scoring system based on theWHO classification
scheme has been promoted to address some of the shortcomings
of the IPSS.

WHO Classification-based Prognostic
Scoring System

One of the major shortcomings of the IPSS is the fact that the
system was designed to be used only at diagnosis and may not
be suitable for serial assessment of patients whose disease can
evolve over time. In addition, the IPSS predated the revised
classification of MDS according to WHO criteria and there-
fore incorporated some entities, notably CMML, that are now
categorized as myeloproliferative overlap disorders. Finally, the
IPSS fails to reflect whether or not the patient is dependent on
transfusion support, which along with cytogenetics is one of the

Table 25.7 Prognostic outcomes of MDS patients according to IPSS risk score.

IPSS risk category

Outcomemeasure Low Intermediate-1 Intermediate-2 High

Combined score 0 0.5–1.0 1.5–2.0 2.5
Leukaemic death 19% 30% 33% 45%
Median time to AML (years) 9.4 3.3 1.1 0.2
Median survival (years) 5.7 3.5 1.2 0.4

The median survival for each of these groups is stratified according to age at diagnosis but broadly ranges from 4 to 12 years for low risk, 2 to 4 years for
intermediate-1, 1 to 2 years for intermediate-2, and to <1 year for high risk across all age groups.

Table 25.8 Median survival of MDS patients according to IPSS risk score and age.

Median survival (years)

Risk group IPSS score <60 years old >60 years old <70 years old >70 years old

Low 0 11.8 4.8 9 3.9
Intermediate-1 0.5–1.0 5.2 2.7 4.4 2.4
Intermediate-2 1.5–2.0 1.8 1.1 1.3 1.2
High 2.5 0.3 0.5 0.4 0.4
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Table 25.9 WHO Classification-based Prognostic Scoring System (WPSS).

Score value

Variable 0 1 2 3

WHO category RA, RARS, 5q– RCMD, RCMD-RS RAEB-1 RAEB-2
Karyotype* Good Intermediate Poor –

*Karyotype status: good category includes normal, –Y, del(5q), del(20q); poor category includes complex (three or more) abnormalities, chromosome 7
anomalies; intermediate category includes other abnormalities.

main prognostic factors affecting survival. For these reasons, the
WHO Classification-based Prognostic Scoring System (WPSS)
was developed based on the retrospective analysis of 467 Italian
patients and validated against 620 German patients (Tables 25.9
and 25.10). All patients had a diagnosis ofMDS according to one
of theWHO subgroups, but CMML and other overlap disorders
were excluded. Analysis of the data showed that the most sig-
nificant variables for the model were WHO subgroup, the cyto-
genetic abnormalities and the blood transfusion requirements of
the patient (Figure 25.4). These were incorporated into a scoring
system that allowed stratification into five distinct risk groups
showing significantly different overall survival and probability
of leukaemic progression (Figure 25.5). The median survival (in
months) of these five groups was 136 (very low), 63 (low), 44
(intermediate), 19 (high) and 8 (very high). The likelihood of
developing leukaemia ranged from a 10-year probability of 7%
in the very low-risk group to a 50% probability at 8 months in
the very high-risk group.
The major difference from the IPSS is that the WPSS pro-

vides prognostic information from initial evaluation through
treatment to follow-up. Thus, theWPSS permits a dynamic esti-
mation of survival and risk of AML transformation at multi-
ple time points during the natural course of MDS and is there-
fore more versatile than the IPSS in clinical decision-making
and selection of appropriate treatment options. Notably, patients
with normal blast counts and those with only erythroid dyspla-
sia have a better prognosis according to the WPSS model, but
this requires validation. No doubt further revisions will emerge
in the future that incorporate additional discriminatory risk
factors.

Revised International Prognostic Scoring
System

The Revised IPSS was developed to address some of the short-
falls in the IPSS system, namely that it included patients with
20–30% blasts now considered to have AML, was only valid
at diagnosis and did not include severity of cytopenias and to
examine the newer cytogenetic groupings. Data from 7012 pri-
mary MDS patients older than 16 years who had not received
disease-modifying therapy (hypomethylating agents, intensive
chemotherapy or haemopoietic stem cell transplantation) from
several international registries was collated by the International
Working Group for Prognosis in MDS (IWG-PM). Seven thou-
sand patients were classified morphologically by FAB and five
thousand of them by WHO criteria. Defining blood and mar-
row parameters includedmarrow blasts≤30%, peripheral blood
blasts ≤19%, white blood cell count ≤12 × 109/L and absolute
neutrophil count≤8 × 109/L and were to be stable for 2 months.
The karyotypic abnormalities and risk categories required more
than 10 patients to be included as a specific category. Data
was censored if and when patients received disease-modifying
treatment.
The score utilizes the same variables as the IPSS, but with

significantly expanded cytogenetic categories, in recognition of
the increased prognostic significance of cytogenetics in com-
parison with bone marrow blast percentage. Thus there are five
cytogenetic categories with very good (del(11q), –Y); good (nor-
mal, del(20q), del(5q) alone or with another anomaly, del (12p));
intermediate (+8,del(7q), i(17q),+19,+21, any single or double
abnormality not listed, two or more independent clones); poor

Table 25.10 Median survival of MDS patients according to WPSS risk score.

WPSS risk category

Criteria Very low Low Intermediate High Very high

Combined score 0 1 2 3–4 5–6
Median survival (months) 136 63 44 19 8
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Table 25.11 Revised International Prognostic Scoring System (IPSS).

0 0.5 1 1.5 2 3 4

CGN – – Good – Int Poor Very poor
BM Blast % ≤2 – 2.1–4.9% – 5–10 >10 –
Hb ≥100 – 80–99 <80 – – –
Plts ≥100 50–99 <50 – – – –
ANC ≥0.8 <0.8 – – – – –

(der(3q), –7, double with del(7q), complex with three abnormal-
ities) and very poor prognosis (complex with more than three
abnormalities) and these are more heavily weighted in defining
the overall score. Blast percentages have been refined in recog-
nition of the similar risk in terms of both survival and AML
evolution for those with >10 to ≤20% versus 20 to ≤30% blasts,
with elimination of the 20–30% blast category and inclusion of
3% blasts as a risk factor. Cytopenias are assessed individually
with increasing risk for depth of individual cytopenias (Tables
25.11, 25.12 and 25.13), notably theANCcut point has been low-
ered from 1.8 × 109/L to 0.8 × 109/L. Age-adjusted cut-offs are
applied to put patients into five discrete prognostic groups: very
low (median overall survival 8.8 years,median time to 25%AML
evolution not reached), low (median overall survival 5.3 years,
median time to 25% AML evolution 10.8 years), intermediate
(median overall survival 3.0 years, median time to 25% AML
evolution 3.2 years), high (median overall survival 1.6 years,
median time to 25% AML evolution 1.4 years) and very high
(median overall survival 0.8 years, median time to 25% AML
evolution 0.73 years).
Several factors such as serum ferritin, LDH, performance sta-

tus and possibly β2-microglobulin also impact survival, but not
evolution toAML; however, their impact on prognosis was lower
than the five main features and age.
The revised IPSS score is more discriminatory than the IPSS,

with 27% of low, Int-1 IPSS being shifted into higher rIPSS cat-
egories and 18% of IPSS Int-2, high-risk patients were down-
staged into lower rIPSS categories (mainly intermediate). The
IPSS R intermediate group has a survival of 3.0 years, which

is similar to the 3.5 years for IPSS Int-1 although this group
has a distinctly higher risk of AML evolution than the lower
rIPSS categories. The score has been validated in an independent
cohort and prospectively in several countries, is of relevance
in predicting outcomes in response to disease-modifying thera-
pies, such as treatment with azacytidine and allogeneic stem cell
transplantation.

Molecular mutations and prognostic
scoring systems

The presence and number of acquired somatic mutations is also
being studied for their prognostic value in MDS. Bejar et al.
demonstrated that the presence of somatic mutations in any
of the five genes ASXL1, RUNX1, TP53, EZH2 and ETV6 was
associated with a worse survival in each of the IPSS groups.
This work is being refined further in larger data sets to derive a
molecular prognostic scoring system. Furthermore the number
of acquired somatic mutations are also prognostic, with a poorer
prognosis attached to increasing numbers of mutations.

Management and treatment

The mainstay of managing MDS is good supportive care, as
the patients are usually elderly and may have accompanying
comorbidities. Increasingly, patients may be carers for partners
or other relatives, and these along with their functionality need

Table 25.12 RIPSS cytogenetic subgroups.

Very Good Good Intermediate Poor Very Poor

Single Normal Single Single Complex
–Y Single Del(7q) der(3q) >3 abnormalities
Del 11q Del(5q) +8 –7

Del(12p) I(17q) Double
Del(20q) +19 Incl –7/7q–
Double Any other indep clone Complex
Incl del (5q) Double 3 abnormalities

Any other
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Table 25.13 IPSS-R prognostic risk categories and scores.

Risk category Risk score
Survival
(median years)

AML 25%
evolution

Very Low ≤1.5 8.8 –
Low >1.5–3 5.3 10.8
Intermediate >3–4.5 3.0 3.2
High >4.5–6 1.6 1.4
Very High >6 0.8 0.73

to be taken into consideration whilst developing a manage-
ment strategy. Alongside the disease-specific risk scores, assess-
ments of comorbidities such as the MDS-Specific Co-morbidity
Index and Comprehensive Geriatric Score are helpful in treating
patients.
Three important considerations should be borne in mind in

arriving at an appropriate management plan for a patient with
MDS: firstly, in asymptomatic patients, a period of observation
can be extremely helpful in determining the rate of disease pro-
gression, secondly, it can be unwise to base the treatment plan
on blood and marrow results during an acute infective episode,
since neutrophil and blast counts may be transiently increased
and thirdly, the patient’s own wishes and expectations, as well as
his or her health and social circumstances, should all be part of
the overall consideration before arriving at a management plan.
The British Committee for Standards in Haematology

(BCSH) and European LeukaemiaNet have developed consen-
sus guidelines based on an evidence-based review of the pub-
lished literature to guide optimal treatment of patients with
MDS. The management recommendations in this chapter are
drawn partly from these guidelines, but have also sought to
include newer treatment options that have emerged since the
guidelines were published.

Supportive care

Anaemia is the commonest symptom in MDS and has a signifi-
cant impact on quality of life.Moreover, transfusion dependency
or the surrogate Hb values of <90 g/L in males and <80 g/L
in females predict an increased risk of cardiac comorbidity and
reduced overall survival. Thus, patients who exhibit symptoms
or signs of clinical anaemia should receive red cell transfusions
in order to improve quality of life and ideally maintain Hb above
these thresholds. For patients with coexisting cardiac dysfunc-
tion, anaemia may precipitate cardiac failure and individualized
transfusion goals may help alleviate this. However, the potential
risks of blood transfusions should always be considered, notably
iron overload in multitransfused patients. Therefore, transfu-
sions should only be used to alleviate symptoms of anaemia and
not simply tomaintain the haemoglobin above an arbitrary level.
Other factors that might accentuate anaemia, such as nutritional

haematinic deficiencies, haemorrhage, haemolysis or infection,
should be sought and treated as appropriate. Where appropriate
consideration should be given to treatment with erythropoietin
to alleviate anaemia, as discussed below.
Bleeding is a common and potentially serious complica-

tion of MDS, resulting from both thrombocytopenia and the
effect of functionally defective platelets. Platelet transfusions
are indicated in MDS patients in the treatment of acute bleed-
ing episodes, or as prophylaxis prior to surgery or following
chemotherapy. However, their long-term use, for instance in
the prevention of recurrent epistaxis or oral bleeding in elderly
patients with persistent thrombocytopenia, presents significant
logistical issues. Moreover, as for red cell transfusions, platelet
transfusions are not without potential complications, includ-
ing allosensitization that can lead to refractoriness. Antifibri-
nolytic agents such as tranexamic acid can be useful on occa-
sion, but are not routinely recommended. Where patients are
likely to undergo intensive chemotherapy followed by transplan-
tation, the use of leucodepleted products and irradiated products
should be considered.

Haemopoietic growth factors

The use of recombinant erythropoietin in the treatment of
anaemia in low- or Int-1-risk MDS can normalize haemoglobin
levels and enhance quality of life without the risks posed by
blood transfusions. Early institution of erythropoietin therapy
in patients with a low erythropoietin level (less than 200 IU/L)
predicts for response. Early studies indicated that patients with
low serum erythropoietin concentration of less than 200 IU/L
(usually raised in MDS) and low transfusion requirements (two
or less units per month) have a greater than 70% chance of
responding, whereas those who have higher erythropoietin lev-
els and transfusion requirements respond in less than 7% of
cases. For patients with refractory anaemia with ringed sidero-
blasts, response rates to erythropoietin are enhanced by the addi-
tion of GCSF. In such patients, there is evidence that cytokines
can act on haemopoietic progenitor cells to reduce apoptosis
and improve erythropoiesis. Additionally, the achievement of
a CR (Hb >115 g/L) suggests a longer duration of response of
29months than themedian of 5.5months, when patients achieve
a partial erythroid response (an increase of 15 g/L with elimina-
tion of transfusion dependence without achieving an Hb >115).
Factors to be taken into consideration in treating patients

with erythropoietin are their baseline renal function (as those
with impaired renal function may need lower doses of erythro-
poietin), iron stores and recognition that patients with MDS
often need higher doses of erythropoietin to elicit a response.
Various treatment schedules exist, but, in general, patients are
treated with the equivalent of 30,000 IU of erythropoietin-α
or -β, weekly for 8 weeks, increased to 60,000 IU if an ade-
quate response is not achieved, followed by the addition of GCSF
300 μg/week in 2–3 divided doses in those who do not respond.
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Care must be taken not to exceed 120 g/L, due to the increased
risk of thrombosis, which is approximately 2% particularly if
there are coexisting vascular risk factors such as previous stroke,
diabetes or hypertension.
Similarly, darbepoietin is a recombinant long-acting erythro-

poietin that differs from the native form in having two additional
N-linked oligosaccharide chains. Treatment with darbepoietin
may be commenced at 300 μg every 14 days, which may be
increased after 8 weeks to 300 μg per week for a further 8 weeks.
In patients achieving a complete erythroid response, the dose

of erythropoietin can be slowly reduced to the lowest level
needed to maintain the response. If the response is lost then
functional iron deficiency or other haematinic deficiency should
be excluded.
The administration of GCSF to patients with MDS typically

results in a dose-dependent improvement in neutrophil num-
ber and function, and is usually reserved for patients with
severe sepsis or recovering from intensive chemotherapy. There
is insufficient evidence to support its prophylactic use for pre-
venting neutropenic infection, although some patients whose
quality of life is compromised by recurrent infective exacerba-
tions may respond to such an approach.

Immunosuppression

In MDS, the occurrence of clinical features of autoimmunity,
as well as increased numbers of cytotoxic T lymphocytes that
inhibit haemopoiesis, and increased numbers of Th17-secreting
CD4+ cells implicate dysregulation of the immune system and
form the basis for employing immunosuppressive therapies
(IST). Retrospective studies of horse ATG in unselected low-
riskMDS patients yield response rates of 30–40%. Retrospective
evaluation of responders suggest that those less than 60 years of
age, with blasts <5%, normal karyotype or trisomy 8 and trans-
fusion dependence are likely to respond to IST. Patients with
hypocellular, but also normo- or hypercellular marrows who
meet these criteria would also be candidates for such treatment.
Treatment with horse ATG over 5 days followed by ciclosporine
maintained at 100–200 mg/dL for 6 months is suggested fol-
lowed by a slow taper to the lowest dose that maintains the
response in these patients. Data on the presence of HLADR15
and PNH clones as positive predictors of response have been
variable.
Prospective randomized controlled trial data (with a cross-

over design), with just over 40 patients in each arm treated with
horse ATG/ciclosporine or best supportive care, supports the
superiority of immunosuppression. However, the accompanying
increased side-effects, such as severe haemorrhage, serum sick-
ness, cardiac events, thrombosis and infections warrant careful
selection prior to institution of this treatment.
Due to the increased toxicity of ATG, a Phase I/II study

of alemtuzumab, an anti-CD52 antibody, was trialled by the
NIH in 31 patients with Intermediate-I risk, Intermediate-II

risk patients with transfusion dependence or severe thrombo-
cytopenia (<50) or severe neutropenia (ANC <0.5 × 109/L) on
a schedule of 10 mg intravenously daily for 10 days without
ciclosporin. Eligibility was based on the sum of the patient age
in years and months of transfusion with a score of 52 or less
if they were HLA DR15 negative and a score of 72 or less if
they were HLA DR 15 positive. Responses (CR+PR) were seen
in 77% of Intermediate-1 and 57% of Intermediate-2 patients,
some of these responses occurring after three months of ther-
apy and in four of seven evaluable responders, cytogenetic com-
plete remissions for clones including a del(13q), –7 and +21,
del (5q) were observed at 6–12 months post treatment. No sig-
nificant viral complications were noted. Patients with a PNH
clone experienced a decrease in clone size in 75%, whereas 25%
demonstrated expansion of the clone. There was also a differen-
tial response in haemolysis due to PNH, with half the patients
improving and half experiencing more haemolysis (these had
a PNH red cell clone, 30% pretreatment) following treatment.
Overall the toxicity profile appeared to be milder than ATG and
at a year post treatment, 56% had normal counts and 78% were
transfusion independent. Thus alemtuzumab is a viable alterna-
tive in this group of patients.

Chelation therapy

The decision to implement iron chelation in a transfusion-
dependent MDS patient is not straightforward. There is a
paucity of published literature to support the use of routine iron
chelation therapy. Furthermore the treatments are expensive
and inconvenient. Current BCSH recommendations state that
iron chelation should be considered once a patient has received
5 g iron (approximately 25 units of red cells) and has a serum
ferritin level of >1000 ng/mL but only in younger patients for
whom long-term transfusion therapy is likely, such as those with
sideroblastic anaemia, or in those with good-prognosis disease,
including isolated del(5q) without significant comorbidities. For
those patients who are candidates for allo-SCT there is evidence
of increased non-relapse mortality if the ferritin exceeds 2000
ng/mL and these patients may be considered for iron chela-
tion therapy. Desferrioxamine 20–40 mg/kg should be adminis-
tered by subcutaneous infusion over 10–12 hours for 5–7 days
per week with annual audiometry and ophthalmology review
(Chapter 4). The target ferritin concentration should be below
1000 μg/L and vitamin C 100–200 mg daily can be added after
1month to enhance chelation. Deferasirox, an oral iron chelator,
is licensed for use in MDS when desferrioxamine is contraindi-
cated or inadequate. It must, however, be used cautiously due
to side-effects that may cause renal or hepatic impairment and
gastrointestinal haemorrhage. Early experience with deferasirox
shows that it is well tolerated and controls or reduces iron
levels in chronically transfused MDS patients when used at a
daily dose of 20–40 mg/kg. Deferiprone is not recommended in
neutropenic patients.
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Intensive chemotherapy

The efficacy of remission induction chemotherapy with stan-
dard doses of cytarabine 100 mg/m2 IV every 12 to 24 hours,
in combination with an anthracycline (daunorubicin, idaru-
bicin) in MDS is dependent on karyotype, with those with nor-
mal karyotype achieving remissions and a median survival of
18 months, whereas patient with complex karyotypes have a
median survival of only 4 months. This is accompanied by a risk
of chemotherapy-induced aplasia and an early death rate of 10%.
Thus, although chemotherapymay offer a remission and accom-
panying improved QOL, it is often used when the remission
achieved will be consolidated with an allogeneic stem cell trans-
plant. The results in MDS are inferior to those from de novo
AML attributable to increased chemo-resistance as MDS cells
over-express p-glycoprotein, which mediates resistance. Alter-
natively the MDS HSC may be more quiescent, thus reducing
its susceptibility to cytotoxic agents. Outcomes for allogeneic
stem cell transplantation are dependent on disease characteris-
tics at the time of transplant, in particular those with less than
5% blasts at the time of transplant have improved outcomes
when compared with those who have increased blasts. Extra-
polation of this to suggest that reduction of blasts to less than
5% pretransplant is the rationale for induction chemother-
apy pretransplant. Given the risk of chemotherapy induced
aplasia, particularly if the marrow is hypocellular or fibrotic,
it would be prudent to tissue type the patient and identify
a donor prior to commencing chemotherapy. Outcomes fol-
lowing induction chemotherapy include CR rates of 24–79%
with relapse rates of 33–91% and treatment-related mortal-
ity of 2–42%, all of which are better in younger patients
with a good performance status and favourable cytogenet-
ics. In some patients with less than 10% blasts and smoul-
dering disease, transplant may be undertaken without prior
chemotherapy.
On an intention-to-treat basis, relatively few patients intended

for an allograft actually receive the transplant, either due to
treatment toxicity or refractory disease. Thus an alternative
view would be to allograft patients up front or following
treatment with 5-azacytidine. In a randomized controlled open
label Phase III study, comparisons of azacytidine and induction
chemotherapy showed that there was no significant difference
in outcomes, although the numbers treated with induction
chemotherapy were relatively small. Retrospective analyses of
128 patients who were pretreated with azacytidine (n = 40)
or best supportive care prior to an RIC allograft demonstrated
equivalent results. Thus the role of pretransplant intensive
chemotherapy in MDS is controversial.
Consolidation with high-dose chemotherapy in the form of

an autograft is fraught with the difficulty of achieving adequate
harvests. Furthermore, the data from the EBMT study on 114
patients who underwent an autograft suggested limited success
with 2-year disease-free survival of 34% and high relapse rates

of 64%. Thus, autografting is not recommended as standard
treatment.

Allogeneic stem cell transplantation

Allogeneic SCT is the only therapeutic modality that leads to
long-term disease control/cure in MDS. As per the CIBMTR
data, MDS is the secondmost common indication for allografts.
This has been made possible due to the introduction of reduced
intensity transplants that use lower doses of chemotherapy to
enable engraftment and rely on the graft-versus-leukaemia effect
to provide long-term disease control. Numerous conditioning
regimens are currently in use and these may be T replete or T
deplete. T-cell depletion reduces the risk of acute and chronic
GVHD and is very well tolerated at the expense of increased
relapse. Cellular therapy in the form of donor lymphocyte infu-
sions, either to achieve a full donor chimerism (pre-emptive) or
to treat relapse, may help to reduce relapse rates.
Irrespective of conditioning regime used, full intensity or

reduced intensity, T-replete or T-deplete transplants, the out-
come at 5 years are similar at approximately 40% disease-free
survival (data from EBMT is shown in Table 25.14). The main
predictors of outcome remain patient- or disease-related, with
high-risk disease, particularly where this is due to complex
monosomal karyotypes, showing little benefit from current allo-
grafting strategies.
Given that for an individual patient, outcomes from an

allograft are uncertain and associated with severe side-effects,
including acute and chronic GVHD, life-threatening infections
and a significant transplant-related mortality, advice on when to
consider an allograft is crucial. Historically Markov modelling
examined three different constructs formyeloablative transplant
strategies, concluding that patients with low- or Int-1-riskMDS,
life expectancy was maximized by delaying transplantation,
provided this was performed prior to disease progression to
AML, whereas for patients with Int-2- and high risk-MDS
immediate transplantation was associated with maximum life
expectancy. Recently, similar modelling for RIC transplantation
supports early allografting in Int-2/-risk MDS as survival is
improved, after adjustment for the presence of GVHD, when
compared to treatment with demethylating agents.
For patients with low-risk MDS, transplant outcomes are

favourable, with a low risk of relapse and disease-free survival
rates near to 60% at 5 years. The most successful outcomes are
achieved if patients are younger, disease duration shorter (<12
months) and patients are transfusion independent. Within the
low-risk group, the presence of red cell transfusion dependence,
severe thrombocytopenia, marrow fibrosis andmolecularmuta-
tions such asASXL1 orEZH2 orRUNX1, may be considered for
an allograft.
In those with high-risk MDS, while early transplant is advo-

cated, it is becoming clear that those with complex, particu-
larly monosomal, karyotypes, TP53 mutations and DNMT3A
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Table 25.14 Comparative outcomes from standard myeloablative and reduced-intensity conditioning allogeneic stem cell transplantation
in MDS patients from the European registry.

Criteria
Standard myeloablative conditioning
(N= 621 patients)

Reduced-intensity conditioning
(N= 215 patients) P-value

Patients over 50 years (%) 28 73 <0.001
Acute GVHD (%) 58 43 <0.001
Chronic GVHD (%) 52 45 Not significant
NRM at 3 years (%) 32 22 0.04
Relapse at 3 years (%) 27 45 <0.01
PFS at 3 years (%) 41 33 Not significant
OS at 3 years (%) 45 41 Not significant

Note that the 3-year progression-free survival (PFS) and overall survival (OS) are comparable between the two groups despite significant age differences,
but that the risk of graft-versus-host disease (GVHD) and non-relapse mortality (NRM) are higher for standard transplants, while the relapse rate is
higher for transplants with reduced-intensity conditioning.

mutations may derive significantly less benefit with current
modalities. The reasons for this are currently unclear and need
to be elucidated in order to address these results.
In multivariate analyses, age is not an independent risk fac-

tor for transplant outcomes and with RIC transplants patients
are increasingly being transplanted to age 65, and dependent on
functional and comorbidity status, up to the age of 70–75. The
evaluation of the HCT-CI is important in attempting to quantify
risk and to identify factors, such as cardiac function, that may
be optimized pretransplant to minimize risk. For patients with
an HCT-CI ≥3, a risk–benefit analysis between RIC and non-
transplant options would be justified.
The outcomes based on donor source, particularly between

matched sibling or 10/10 matched unrelated donor sources are
equivalent. Alternative donors, namely umbilical cord blood
stem cells and haploidentical donors have also been used suc-
cessfully. Recent single-centre data comparing outcomes for
patients transplanted with matched siblings, matched unre-
lated and haploidentical donors suggest that outcomes are
comparable and dependent on the disease risk, thus support-
ing the use of alternative donors when matched donors are
not available. Given that most patients are older, umbilical
cord blood transplants are often associated with prolonged
time to immune-reconstitution and higher morbidity, making
them a less attractive option. Thus, in the absence of matched
donors, consideration should be given to alternative donor
transplants, as CIBMTR outcomes frommismatched donors are
less favourable. The stem cell source used most frequently is
peripheral blood stem cells due to ease of donation, shorter times
to neutrophil and platelet engraftment, similar acute GVHD, but
higher chronic GVHD.
Up-front sequential chemotherapy–transplant protocols are

particularly attractive in MDS as they circumvent the possibil-
ity of chemotherapy-induced aplasia and morbidity, which may
preclude transplantation and also the chances of selecting the

most resistant clone with cycles of chemotherapy. Data on this
approach is encouraging, but limited, and various combinations
of fludarabine or cladribine, amsacrine and high-dose cytara-
bine, followed by a busulfan/ATG-based transplant, are in use.
In the UK campath-based RIC transplants are commonly

used, whereas in Europe ATG-based T-cell depletion is com-
mon. Long-term follow-up of 192 patients with MDS or sec-
ondary AML treated with a fludarabine busulfan (6.4 mg/kg)
and campath (100 mg) protocol with a median follow up of 4.5
yearswas encouraging, with a 5-year overall survival of 44%, EFS
of 33% and non-relapse mortality of 26% (Figure 25.6). Whilst
chronic GVHD rates were low at 19%, the relapse rate at 5 years
was 51% (similar to outcomes reported with fludarabine, mel-
phalan and campath). Relapse rates appeared to increase with
age for those over 66, which to some extent could be ameliorated
by early pre-emptive DLI with 5-year OS 67%. Thus T-replete
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Figure 25.6 Kaplan–Meier survival plot and data for 159 patients
with advanced MDS/AML who received a reduced-intensity
conditioned allogeneic transplant at King’s College Hospital,
London. (Source: Dr Ziyi Lim, King’s College London. Reproduced
with permission.)
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RIC transplants may form the basis for early cellular therapy
with DLI, with reduced toxicity and improved outcomes.

Hypomethylating drugs

Transcriptional regulation of gene expression is modulated by
epigenetic changes such as DNA methylation of CpG islands in
gene promoters. These islands have an increased density of CG
dinucleotides in CIS on the strand of DNA and incorporation
of a methyl group into the cytosine results in silencing of the
gene. This incorporation is mediated by the enzymes DNMT1
(DNAmethyltransferase 1) and enables methylation patterns to
be reproduced in daughter cells during cell division, whereas
DNMT3a is responsible for incorporating de-novo methylation
that appears to be important in haemopoietic stem cell differen-
tiation. Two drugs, azacitidine (a pyrimidine analogue of cytara-
bine) and decitabine, disrupt methylation by being incorporated
into RNA and DNA, respectively, binding DNMT and prevent-
ing its function so that methylation is not replicated with cell
replication, leading to eventual demethylation. Azacytidine is
approved in the USA for use in all subtypes of MDS, but in
Europe it is approved for use in Int-2 and high-risk MDS and
AML, with blasts 20–30% and non-proliferative CMML. The
initial studies in AML used high doses and subsequent unac-
ceptable toxicities, whereas the Cancer and Leukaemia Group
B (CALGB) 9221 and AZA 001 studies used the now licensed
75 mg/m2 SC for 7 days followed by a 21-day break schedule.
In the former randomized controlled, cross-over (at 4 months)
study, all FAB subtypes of MDS responded, with 47% achiev-
ing a complete remission and 36% a haematological improve-
ment. For the first time, the interval to AML progression was
prolonged from 12 months in the best supportive care arm
to 21 months in azacytidine recipients. The follow-on licens-
ing AZA-001 study enrolled 358 untreated Int-2- and high-risk
patients, RAEB-t and non-proliferative CMML. Patients were
randomized between azacytidine and physicians’ choice, which
included low-dose cytarabine (LDAC), best supportive care
only or intensive chemotherapy. Physicians preselection prior
to randomizations were best supportive care (n = 222), LDAC
(n = 94) and intensive chemotherapy (n = 42); on randomiza-
tion, 175 patients received azacytidine, 102 BSC, 44 LDAC and
19 intensive chemotherapy. Patients were required to receive a
minimum of four cycles of azacytidine, based on the median
time to respond in the CALGB 9221 study, and continuation
of therapy following response or in the absence of progression
was at investigator discretion. The study established superiority
over BSC and LDAC and there was no difference in outcomes
when compared to intensive chemotherapy. Median survival for
azacytidine-treated patients was 24.5 months versus 15 months
in conventional care arms, with a benefit of over 9 months, and
overall survival was almost doubled at 2 years being 51% versus
26%. Haematological improvement, including transfusion inde-
pendence, occurred in almost 50% of patients and was durable.

Patients experienced fewer infections, and appeared to benefit
with a 2-year survival of 33%, compared to 8% with conven-
tional care. An important observation was that overall survival
was prolonged, even if patients did not achieve a complete remis-
sion, conceptually moving the goal posts for therapy in MDS.
Post-hoc analyses in AMLwith 20–30% blasts and patients older
than 75 years also support the use of azacitidine in these groups.
Azacitidine has been approved in the UK for patients with MDS
who are not eligible for allogeneic stem cell transplantation and
have IPSS Int-2 or high-risk, MDS or AML with 20–30% blasts
and non-proliferative CMML.
Although Azacitidine is now considered the standard of care

for treating MDS patients, the low response rates (complete
remission rate (17%), partial remission (21%) and stable dis-
ease (42%)) have led to development of predictive scores to
guide optimal therapy. One such score by the French cooper-
ative group includes assessment of performance status, pres-
ence of peripheral blasts, transfusion dependence and cytoge-
netic risk, and distinguishes likely responders who have a low
score and have a median response duration of 30 months from
those with a high score and median response duration of less
than 6 months (Table 25.15). The score may be of benefit in
planning additional intervention such as allogeneic stem cell
transplantation.
Mechanisms of resistance or loss of response to azacitidine

include the persistence of the MDS stem cell even in remission
and re-emergence at relapse. Additionally depletion of enzymes
such as uridine cytidine kinase, which phosphorylates azaci-
tidine to its diphosphate form, and ribonucleotide reductase,
which converts it to decitabine diphosphate prior to DNA incor-
poration, may lead to loss of response. This provides a ratio-
nale for switching from azacytidine to low-dose cytarabine or
decitabine, which do not need this enzyme.
Decitabine, the deoxyribonucleic acid analogue of azacitidine,

is also approved in the USA for treatment of MDS. Its dosing
schedules have varied and the Phase III randomized controlled
trials with best supportive care failed to show superiority in part
due to recipients receiving very few cycles of decitabine. The cur-
rently licensed dosing schedule is 20 mg/m2 IV for 5 days in
high-riskMDS and yields similar response rates of 17%CR, 15%
PR and 18% HI, with overall survival of 19.4 months. In the UK
it is not approved for treatment of MDS and is used on a com-
passionate basis to salvage patients who have failed to respond to
azacytidine. Current studies are focused on improving response
rates by using lower doses, prolonged schedules and combina-
tion therapies with histone deacetylase inhibitors, immunomod-
ulatory agents and growth factors, amongst others.

Lenalidomide

The immunomodulatory drug thalidomide was effective in
achieving transfusion independence in some patients with
MDS, possibly due to its anticytokine, antiangiogenic and other
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Table 25.15 Prognostic score for azacitidine in MDS and its suggested use in planning treatment.

Performance status >2 1
Peripheral blasts 1
Transfusion dependence greater than 4 units in 8 weeks 1
IPSS intermediate risk cytogenetics 1
IPSS high risk cytogenetics 1

Azacitidine prognostic score 0 1–3 4–5
Median OS with Aza alone Not reached 18 months 6 months
2-year OS with Aza alone 85% 50% 35%
Consideration for HSCT Absence of response to

azacitidine or at disease
progression

Deliver 6 cycles of azacitidine
and proceed to HSCT

HSCT at the earliest
possibility

immunomodulatory effects, but its neurologic toxicity limited
its use. Its derivative, lenalidomide was initially developed for
use in myeloma and has a better side-effect profile. It has been
used in four successive trials in low-/Int-1-risk transfusion-
dependent or symptomatic anaemic patients with MDS. The
initial Phase II study treated 43 such patients with three different
dosing regimens (25 mg or 10 mg per day or 10 mg for 21 days
of a 28 day cycle). At 16 weeks 77% of patients had achieved
transfusion independence; this was higher for patients with
del(5q31.1), with 83% responding, compared to 57% of patients
with normal karyotype and 12% with other cytogenetic abnor-
malities. Nine of the 12 del(5q) patients had accompanying
cytogenetic remissions. The follow on study (MDS 003) treated
148 patients with del(5q), initially on 10 mg every 21 days,
but this was changed to 10 mg daily for 28 days. Transfusion
needs were reduced in 112/148 (76%) with a median time to
respond of just over 4 weeks. Cytogenetic responses included
improvement in 62/85, and 38/62 achieved a complete cyto-
genetic remission. The median duration of response was not
reached at 2 years. The MDS 004 study was a Phase III ran-
domized controlled study, including 205 transfusion-dependent
low/Int-1 patients with del(5q) (76% had an isolated del(5q))
randomized to lenalidomide 10 mg daily for 21 days or 5 mg
for 21 days of a 28 day schedule or placebo. Responses were
superior in those treated with 10 mg daily for 21 days, with 56%
achieving TI at 26 weeks versus 42% in the lower dose and 6%
in the placebo arms. Cytogenetic responses were observed in
50% versus 25% in the 10 mg and 5 mg arms, respectively, and
the duration of response was 82 weeks versus 41 weeks in the
two lenalidomide treated arms. In this study, a normal baseline
platelet count appeared to predict response (80% response
compared to 19% in thrombocytopenic patients). However, the
cumulative incidence of AML in both the lenalidomide groups
was 16.8% at 2 years and 25.1% at 3 years. Despite this, the
study led to approval in the USA of lenalidomide for low/Int-I
del(5q) patients. In contrast, approval was delayed in Europe,
leading to further examination of this risk in a cohort of treated
(95 del(5q) patients treated with 10 mg for 21 days schedule)

and untreated (99 patients with del(5q) who were never treated
with lenalidomide). The 4-year risk of progression was 9% in
the lenalidomide-treated versus 15.8% in the untreated group,
which did not achieve statistical significance. Thus the drug
has received a positive opinion in Europe for the treatment of
transfusion-dependent anaemia due to low or Int-1 MDS with
an isolated deletion 5q, when other options are insufficient or
inadequate. Lenalidomide has also been approved in the UK for
transfusion-dependent patients with an isolated del(5q).
Lenalidomide is also an option in reducing transfusion depen-

dence in low-/Int-1-risk MDS without del(5q). Of 214 patients
enrolled, 26% achieved transfusion independence and 19% had
a cytogenetic response. The commonest side-effects are neu-
tropenia, which may be supported with GCSF, and thrombocy-
topenia. Additional side-effects include a skin rash, thrombosis,
hypothyroidism and hypogonadism.
Patients with del(5q) have an increased frequency of TP53

mutations and patients in whom the mutation is detected by
strong immunohistochemical staining in >2% of the bone mar-
row cells tend not to respond to lenalidomide and have a poorer
overall prognosis.
Lenalidomide inhibits two phosphatase regulators of the

G2/M cell-cycle check point, namely cell division cycle 25
homologue C (cdc25C) and protein phosphatase 2A (PP2A)
catalytic subunit α (PP2Acα). The del(5q) cells are already
haploinsufficient for these phosphatases, sensitizing them to
further inhibition and leading to apoptosis and cell death, thus
displaying an example of synthetic lethality. Moreover, resis-
tance to lenalidomide is associatedwith overexpression of PP2A.
Lenalidomide is also known to have potent immunomodulatory
and antiangiogenic properties that may clearly be relevant to
its therapeutic action. Lenalidomide may also be used at higher
doses up to 50 mg per day in higher-risk MDS with a del(5q)
abnormality. Responses are short-lived, but may be useful in
bridging to a transplant. Its combination with azacitidine also
improved CR rates in Phase II studies and is currently in
randomized controlled trials. Thus, lenalidomide represents a
promising advance in the treatment of selected subtypes ofMDS.
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Figure 25.7 Schematic diagram illustrating
the treatment options available for patients
with MDS.

Therapeutic strategy

Therapeutic goals
Arriving at the best management plan for an individual patient
with MDS can be difficult (Figure 25.7). The initial decision to
resolve is whether the goal of treatment should be to extend
patient survival or to palliate symptoms with supportive care.
This decision is helped by considering prognosis according to
the IPSS/WPSS, coupled to the patient’s age and performance
status, always ensuring that any plan is fully in accordance
with the patient’s own wishes. Treatment of MDS has histori-
cally been separated into low-intensity and high-intensity ther-
apies, based on the risk of toxicities. Low-intensity therapies,
which include immunosuppressive therapy, biological response
modifiers and cytokines, were reserved for lower-risk patients
with the goal of improving cytopenias and quality of life with-
out improving survival. Other low-intensity therapies such as
low-dose chemotherapy andmethyltransferase inhibitors aim to
extend survival, whereas high-intensity therapies such as high-
dose chemotherapy and allogeneic SCT aim to alter the course
of the disease or even achieve cure.
Many patients with MDS receive supportive care alone, par-

ticularly lower-risk patients with chronic cytopenias or patients
with higher-risk disease who are unable to tolerate high-
intensity therapy. Such patients often become dependent on

frequent red cell or platelet transfusions and experience repeated
infective and haemorrhagic complications. Regardless of disease
status, many patients experience significantly impaired quality
of life, simply as a consequence of the physical toll caused by
frequent laboratory monitoring and transfusions, physician vis-
its and the fatigue that accompanies this. Thus, improvement in
quality of life and alleviation of disease-related symptoms are the
key goals of therapy.

Assessing response
In 2000, the International Working Group (IWG) of investi-
gators proposed standardization of response criteria by which
to assess the results of different therapies in MDS. These cri-
teria have been widely accepted into clinical practice and were
updated in 2006. The investigators grouped patients into IPSS
risk categories and recommended that the major goal of therapy
for patients with lower-risk disease (low-risk and intermediate-
1 categories) is to achieve haematological improvement. For
higher-risk patients (intermediate-2 and high-risk categories),
the focus turns to altering the natural history of the disease and
prolonging life. The IWG criteria define four specific aspects of
responses based on treatment goals: haematological improve-
ment, cytogenetic improvement, alteration of disease progres-
sion and quality of life. Haematological improvement is scored
for each lineage according to whether there is a major or minor
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response, while cytogenetic improvement is scored according to
whether there is a partial or complete response. Alteration of the
natural course of the disease is determined according to various
measures of disease progression and survival.
� IPSS low: The median survival for low-risk MDS is 4.8 years
for those aged over 60 years to 11.8 years for those less than
60 years. For this reason, intensive chemotherapy and SCT can-
not be justified, given their potential for morbidity and mortal-
ity. Individuals should be monitored for disease progression and
supported as necessary.Where possible, a trial of erythropoietin
with or without GCSF should be undertaken in patients with
symptomatic anaemia, while those with del(5q) should ideally
receive lenalidomide.
� IPSS intermediate-1: For older patients above the age of
65, or less if there are significant comorbidities, supportive
care should be offered as for low-risk patients. Immunosup-
pression with ATG and ciclosporin should be considered for
cytopenic patients who are otherwise deemed unfit for intensive
chemotherapy, particularly if the marrow is hypocellular with
no excess of blasts or adverse cytogenetics. For younger patients
below the age of 50 who have either a sibling or unrelated
donor available, allogeneic transplantation should be offered
as a potentially curative procedure. Whether the condition-
ing regimen should be myeloablative or non-myeloablative is
unclear and should be at the discretion of the local transplant
unit. For patients between 50 and 65 years of age, the optimal
management is less straightforward, given the significant TRM-
associated with allogeneic SCT and the predicted median sur-
vival of 5.2 years for patients less than 60. The impressive data
emerging for patients treated with RIC transplantation makes
this an attractive treatment option, especially when a sibling
donor is available, although unrelated donor transplants are also
feasible. While trials demonstrate better outcomes if the trans-
plantation is performed prior to disease progression, this is not
always a straightforward decision and some patients may rea-
sonably elect to reserve this option for when there is evidence of
clonal evolution or early transformation. Iron overload should
be avoided in those patients who remain transplant candidates,
either bymanaging anaemiawith erythropoietinwith orwithout
GCSF or by using iron chelation for those who are transfusion-
dependent.
� IPSS intermediate-2/high: Patients in these poor prognos-
tic categories are known to have median survivals of less than
2 years for intermediate-2 to only a few months for high-risk
individuals. Patients below the age of 65 years and without
significant comorbidities, particularly where a sibling donor is
available, should be offered intensive chemotherapy and RIC
transplantation, with myeloablative conditioning reserved for
younger, fitter patients below 50 years at the discretion of the
local transplant unit. However, if the patient fails to achieve at
least a good partial remission following intensive chemother-
apy, then the prospects of successful outcome from allo-
geneic transplantation are reduced and palliative/experimental

treatment with supportive care may be a preferable option,
although a sequential chemotherapy-conditioned RIC trans-
plant could be considered in some cases.
With the advent of further novel agents in the future, themost

appropriate treatment option is likely to become more complex.
However, as with all investigational therapies, patients should be
treated within the context of clinical research trials.

Myelodysplastic/myeloproliferative
diseases

The WHO classification established a new diagnostic entity
for those diseases that share features characteristic of both
the myelodysplastic syndromes and the myeloproliferative
neoplasms. This overlap category comprises disorders that at
the time of initial presentation share clinical, laboratory or
morphological findings indicative of underlying dysplastic
and proliferative processes. They are usually characterized by
hypercellularity of the bone marrow due to proliferation in
one or more of the myeloid lineages, with increased numbers
of circulating cells that may be morphologically dysplastic.
Simultaneously, one or more of the other lineages may exhibit
ineffective proliferation so that cytopenias may also be present.
The presence of excess blasts is closely correlated with the risk
of leukaemic transformation.
The WHO recognizes three distinct entities, namely chronic

myelomonocytic leukaemia, atypical chronicmyeloid leukaemia
and juvenile myelomonocytic leukaemia, and one provisional
entity of refractory anaemia with ring sideroblasts and throm-
bocytosis, with the remainder categorized as myelodysplastic/
myeloproliferative neoplasms unclassifiable.

Chronic myelomonocytic leukaemia

CMML is a clonal haemopoietic stem cell disorder with MDS
and myeloproliferative overlap features and a propensity to
evolve to AML. It is characterized by an absolute monocytosis
with an absolute monocyte count of >1 × 109/L in peripheral
blood. The clonal monocytosis of CMMLmust be differentiated
from reactivemonocytosis often caused by viral infections (vari-
cella zoster, arbovirus), chronic infection/inflammatory condi-
tions (tuberculosis, brucellosis, leishmaniasis, subacute bacte-
rial endocarditis, sarcoidosis and connective tissue disorders).
CMML has a male predominance (M:F ratio 1.5–3:1) and a
median age of presentation of approximately 65–75 years; only
10% of CMML cases occur in individuals less than 60 years.
While the aetiology is largely unknown, therapy-related cases of
CMML may also occur uncommonly.

Clinical and laboratory features
The WHO 2008 diagnostic criteria for CMML include: (i) per-
sistent peripheral blood monocytosis >1 × 109/L, (ii) absence
of the Philadelphia chromosome and BCR–ABL1 fusion
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oncogene (as cases resembling CMMLmay express the p190 iso-
form, both the p190 and the p210 isoforms should be tested for
in the absence of t(9;22)(q34;q11)), (iii) absence of PDGFRA
or PDGFRB gene rearrangements, (iv) less than 20% blasts and
promonocytes in the peripheral blood and bone marrow and
(v) dysplasia involving one or more lineage. In the absence of
dysplasia, persistent monocytosis for greater than 3 months, or
the presence of an acquired clonal or molecular abnormality
enable the diagnosis to be made. CMML is subclassifed into:
CMML-1 (<5% circulating blasts+promonocytes in blood and
<10% blasts+promonocytes in the bone marrow) and CMML-
2 (5–19% circulating blasts+promonocytes in blood and 10–
19% BM blasts or the presence of Auer Rods). Patients with
CMML with a peripheral blood eosinophilia >1.5 × 109/L
may have t(5;12)(q31-q32;p13) leading to the ETV6 (TEL)-
PDGFRB fusion oncogene which responds to imatinib and is
currently classified as a myeloproliferative neoplasm.
Phenotypically CMMLmay present as anMDSwith anaemia,

peripheral blood cytopenias, fatigue and bruising. It may also
present with myeloid proliferation with leucocytosis, mono-
cytosis, hepatomegaly, splenomegaly and B symptoms such
as fatigue, night sweats, weight loss and cachexia. CMML
may present with leukaemia cutis. Caution should be made in
diagnosing AMLwhen CMML patients have an active infection,
as treatment of this may result in reversion to the chronic blood
picture. Approximately half of patients have splenomegaly, and
often hepatomegaly, at diagnosis. Individuals with high mono-
cyte counts may develop a maculopapular skin infiltration, gum
infiltration, and monocytic pleural and pericardial effusions.
Lymphadenopathy is uncommon, but when it occurs it may
signal a more acute phase with infiltration of lymph nodes by
myeloblasts.
Cytogenetic analysis is important for confirming clonality,

although abnormalities are only found in 30–40% of cases,
notably +8, −7/del(7q) and del(12p), and none is specific for
CMML. In a Spanish CMML study, 73% had a normal kary-
otype, +8,del(5q),+10, del(11q), del(12p), add 17(p), +19, +21,
abnormalities of chromosome 7 and complex karyotypes were
observed. These were more frequent in patients with increased
blasts and dysplastic features. The Spanish cytogenetic risk strat-
ification categorizes patients into high risk (+8, chromosome 7
abnormalities or complex karyotype), intermediate risk (all oth-
ers not classified as high or low risk) and low risk (normal kary-
otype, or –Y) with separation of 5-year OS rates of 4%, 26% and
35%, respectively.
Additionally patients with CMML also harbour somatic

mutations in similar genes to those discussed in pathogenesis.
Of these EZH2 mutations are less frequent in CMML, whereas
spliceosome component mutations SRSF2 and U2AF1 are
particularly frequent in CMML. SRSF2 is mutated in 28–47% of
patients and associates with a normal karyotype, less anaemia
and older age. However, it does not have independent prognostic
value. SF3B1 mutations are also seen in CMML and ringed

sideroblasts, but again do not affect OS or disease progression
to AML. U2AF1 mutations occur in 10% of CMML and are
also not independently prognostic. Up to 40% of patients
have point mutations of RAS genes, which is higher than for
other forms of MDS. Hypermethylation of the CDKN2B gene
(which encodes the tumour suppressor p15INK4b), resulting
in reduced expression, can be demonstrated in approximately
50% of patients. Recently, the CBL gene, which encodes the
E3 ubiquitin ligase, has been implicated in progressive CMML
by its presence within a region of UPD on chromosome 11q.
GM-CSF-dependent pSTAT5 sensitivity has also been demon-
strated in CMML. The hierarchy of mutational architecture is
hypothesized to involve epigenetic genes such as TET2 or IDH1
or IDH2 or ASXL1 at initiation, followed by mutations of the
spliceosome component such as SRSF2 leading to mutations in
signal transduction genes such as RAS. Mutations of the JAK2
gene should also be excluded.
Bone marrows in CMML are usually hypercellular, with

granulocytic hyperplasia and dysplasia. Immunophenotyping
may be helpful for identifying myelomonocytic populations
with CD13, CD33 positivity, whereas expression of CD14,
CD68, CD64 and CD163may be variable. Immunophenotyping
can also give prognostic information, such as reduced CD14
expression indicating monocytic immaturity, aberrant expres-
sion of CD2 and CD56, and the CD34-positive cell percentage.
Cytochemical stains with non-specific esterase, which are pos-
itive in monocytic cells, are the most reliable way of identifying
monocytes in the bone marrow, whereas lysozyme and chlor-
acetate esterase are positive in normal granulocyte precursors.
Reticulin may be increased in 30% of patients and nodules
of mature plasmacytoid dendritic cells (CD123 positive)
may occur in 20%. Rarely, bone marrow monocytes without
peripheral blood monocytosis may be seen in MDS that later
progresses to CMML.

Natural history and prognosis
The clinical course of CMML is highly variable, with a median
survival of approximately 2 years, though occasional patients
survive beyond 8 years. There is an age-dependent prognosis
that can be calculated using the IPSS according to the blast
percentage, number of cytopenias and karyotypic abnormali-
ties. The distinction between dysplastic and proliferative forms
of the disease is unreliable and unhelpful, but the separation
between CMML-1 and CMML-2, which reflects the marrow
blast percentage (<10% and 10–19%, respectively), is impor-
tant and prognostically relevant. Similarly, anaemia and throm-
bocytopenia are adverse prognostic factors, especially if the
patient is transfusion-dependent. A rising lactate dehydroge-
nase level often reflects a rising blast count, indicating pro-
gression to AML with leukaemic transformation occurring in
approximately 15–30% of cases. Over the last decade several
prognostic scores that include FAB subtype, WHO subtype,
haemoglobin, LDH, absolute lymphocyte count, presence of
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Table 25.16 CMML prognostic scoring system.

Variable 0 1 2

WHO Subtype CMML-1 CMML-2 –
FAB Subtype CMML-MD (WBC < 13) CMML-MP (WBC > 13) –
CGN* Low Int High
RBC dependent No Yes –

*Low = normal, −Y; Int = other abnormalities; High = +8, complex (≥3 anomalies), chr 7 anomalies.

Risk group Overall score

Low 0
Intermediate-1 1
Intermediate-2 2–3
High 4–5

circulating blasts, gender, karyotype and presence of ASXL1
mutations (excluding missense mutation) have been developed
(Tables 25.16 and 25.17). These are discriminatory in predicting
outcomes, but consensus on which particular system should be
used is outstanding.

Management and treatment
Therapy of CMML is unsatisfactory, with the vast majority of
patients being elderly (>60 years). Supportive care by way of
blood transfusions and antibiotics for infections are the main-
stay of management. When the proliferative phase prevails,

Table 25.17 Comparison of scoring systems in CMML.

Median survival per risk group (months)

Prognostic score Variables included in final model Low Int-1 Int-2 High Transformation to AML

MDAPS (Onida
et al., 2002)

Haemoglobin <120 g/L
Circulating immature cells
Absolute lymphocyte count >2.5 ×

109/L
Bone marrow blasts >10%

24 15 8 5 19% developed AML
after a median of
7 months

Dusseldorf Score
for CMML
(Germing et al.,
2004)

Bone marrow blasts ≥5%
LDH >200 u/L
Haemoglobin ≤90 g/L
Platelets <100 × 109/L

93 26 11 8%, 23% and 23% at
5 years respectively

CMML Prognostic
scoring system
CPSS (Such
et al., 2013)

CMML FAB type (myelodysplastic or
myeloproliferative)

CMMLWHO subtype (CMML1 or 2)
CMML specific cytogenetics
RBC transfusion dependence

72 31 13 5 13%, 29%, 60% and 73%
at 5 years, respectively

GFM (Itzykson
et al., 2013)

Age >65 years
WBC >15 × 109/L
Anaemia
Platelets <100 × 109/L
ASXL1 mutation

Not
Reached

38.5 14.4 56, 27.4 and 9.2 months
AML-free survival

Mayo prognostic
model (Patnaik
et al., 2013)

Increased absolute monocyte count
>10 × 109/L

Presence of circulating blasts
Haemoglobin <100g/L
Platelet count <100 × 109/L

32 18.5 10

471



Postgraduate Haematology

causing symptomatic organomegaly, infiltrative disease or esca-
lating monocytosis, then oral chemotherapy with hydroxycar-
bamide (hydroxyurea) is the treatment of choice. A European
randomized study comparing hydroxycarbamidewith etoposide
gave a response rate and survival, respectively, of 60% and 20
months for hydroxycarbamide and 36% and 9months for etopo-
side. Intensive chemotherapy alone is of little benefit in this age
group. Erythropoietin may be used in CMML, but GCSF should
be used cautiously due to the risk of splenic rupture in prolifera-
tive patients. Hypomethylating agents such as azacitidinemay be
used in CMMLwith a white cell count<13× 109/L and less than
20% blasts (although the numbers of patients in AZA001 were
limited). Phase II studies in CMML are encouraging, with over-
all response rates varying between 25 and 70% and median OS
ranging from 12–37 months. Peripheral blasts <5% and abso-
lute monocyte count <10 × 109/L were predictive of a response,
whereas no consistent correlation between somatic mutations
and responses to azacitidine have been reported.
In younger patients, particularly with adverse features,

intensive treatment and allogeneic transplantation represent
the only possibility of cure. However, the EBMT data for adults
with CMML show relatively low long-term outcomes with this
approach, with 5-year overall survival after transplant (both
related and unrelated) of only 21%. Another study of 85 patients
allografted forCMML (32%RICHSCT, 62%PBSC) showed 42%
overall survival at 5 years with over 30% dying from non-relapse
causes and just under 25% dying due to relapse. More recent
data from the Societe Francaise de Greffe de Moelle et de Ther-
apie Cellulaire in 72 patients (43 RIC HSCT) demonstrated a
3-year OS of 32%, NRM 36% and CIR of 35% with 28% devel-
oping grade II–IV aGVHD and 34% cGVHD. As with other
forms of MDS, outcomes are better if the patient is transplanted
before significant disease progression, but this must be weighed
against the considerable TRM rate. A better understanding of
the biological basis of CMMLmay lead to trials that target these
anomalies.

Juvenile myelomonocytic leukaemia

Juvenile myelomonocytic leukaemia (JMML) is a clonal
haemopoietic disorder of childhood characterized principally
by proliferation of the granulocytic and monocytic lineages. It
occurs with an incidence of 1.2 per million, comprising approxi-
mately 2–3% of all childhood leukaemias, but 40% of childhood
MDS. The majority of cases of JMML occur in children under
3 years of age and twice as commonly in boys than girls. There
are associations with neurofibromatosis type 1 and Noonan
syndrome due to germline mutations in the NF1 and PTPN11
or KRAS genes, respectively. There is marked in vitro hyper-
sensitivity of myeloid progenitors to granulocyte/macrophage
colony-stimulating factor that is a hallmark feature of JMML
and suggestive of defective RAS–MAP kinase signalling that is
often attributable to RAS mutations. Monosomy 7 is the most
common chromosomal abnormality, found in 25% of cases. A

marked increase in the synthesis of HbF is a recurrent finding
that has poor prognostic implications.
Clinically, most patients present with constitutional symp-

toms or evidence of infection and are found to have marked
hepatosplenomegaly. Lymphoid and tonsillar enlargement is
also common. Typically, there is a leucocytosis comprising neu-
trophils, myeloid precursors and monocytes, with blasts consti-
tuting less than 5% of cells. The marrow is hypercellular and
dysplastic features are minimal. The prognosis of JMML is vari-
able, with a median survival of 1 year. It is usually rapidly fatal
without treatment, causing organ failure, especially respiratory
failure, due to leukaemic infiltration, while blast transformation
occurs infrequently. Although responses are seen to cytarabine-
containing regimens, allogeneic transplantation offers a cure in
up to 50% of patients in some series.

Refractory anaemia with ring sideroblasts
and thrombocytosis

The precise nature of refractory anaemia with ring sidero-
blasts and thrombocytosis (RARS-T) is a controversial andunre-
solved issue. These patients meet the criteria for RARS, but also
have persistently elevated platelet counts over 450 × 109/L. The
majority (50–60% of cases) carry the V617F mutation of the
JAK2 gene that is more commonly associated with myelopro-
liferative disorders. As it is unclear whether RARS-T represents
a JAK2-positive myeloproliferative neoplasmwith acquired dys-
plastic features or, conversely, a form of MDS with an acquired
proliferative mutation, RARS-T exists as a provisional entity in
the current version of the WHO classification.

Myelodysplasia of childhood

ChildhoodMDS is recognized as an entity in its own right in the
current version of the WHO classification, but excludes JMML,
which is grouped within the myelodysplastic/myeloproliferative
category. MDS associated with Down syndrome, which pre-
viously accounted for up to 25% of paediatric MDS, is
now grouped within a new entity of Down-syndrome-related
myeloid leukaemia. Most remaining cases of childhood MDS
fall within one of the subgroups of conventional MDS, namely
RA, RARS, RCMD or RAEB-1/RAEB-2. The term ‘refractory
cytopenia of childhood’ is reserved for cases of MDS associated
with persistent cytopenias, less than 5% blasts in the marrow
and less than 2% blasts in peripheral blood. About 75% of chil-
dren with RCC show considerable hypocellularity of the bone
marrow,making it difficult to differentiate from congenital bone
marrow failure syndromes that can lead to secondary myelodys-
plasia in affected children. These congenital syndromes include
disorders such as Fanconi’s anaemia, dyskeratosis congenita,
Schwachman–Diamond syndrome, amegakaryocytic throm-
bocytopenia, and pancytopenia with radioulnar synostosis.
Understanding the mechanism by which they predispose chil-
dren to developingMDShas helped shed light on the aetiology of
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acquired MDS in adulthood. However, a discussion of the biol-
ogy of these disorders is beyond the scope of this chapter.

Future directions

The identification of somatic driver mutations in the spliceo-
some and epigenetic machinery has opened the doors to under-
standing the roles of these critical genes in both normal
haemopoiesis and in the pathogenesis of MDS. A deeper under-
standing of the function of these genes in normal haemopoiesis
will in turn reveal mechanisms by which MDS and clonal evo-
lution to AML occur, leading to therapeutic targets. Therapies
such as IDH1 and -2 inhibitors, Toll-like receptor antagonists,
s100a9 ligand receptors, HDAC inhibitors, such as pacritinib,
that are already in trials will be developed. These are likely to
complement or supplant existing therapies, which in themselves
continue to be refined in trials.
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Introduction

For the purposes of this chapter, the term myeloproliferative
neoplasms (MPNs)will refer to clonal disorders of haemopoiesis
that lead to an increase in the numbers of one or more mature
blood cell progeny. The chronic myeloid leukaemias would fit
this definition and share pathogenetic features with some of the
MPNs, but have, historically (since the discovery of the Philadel-
phia chromosome), been studied separately from theMPNs and
are described in Chapter 24. The myelodysplastic syndromes
(MDS) can also, in aminority of cases, fit our working definition
of MPN, in being associated with increased numbers of mature
cell progeny, but dysplasia is a major feature and there are, usu-
ally, coexisting cytopenias (Chapter 25).Not surprisingly, a small
number of patients do not fit neatly into a single category and
exhibit features of both MPN and MDS.
This chapter will focus on the classical MPNs: polycythaemia

(rubra) vera (PV), essential thrombocythaemia (ET) and pri-
mary myelofibrosis (PMF), three related disorders originally
grouped together by William Dameshek in 1951. They share
clinical, morphological and molecular features and can trans-
form, in their course, into one another. They are clonal disorders
of the pluripotent haemopoietic stem cell and have, to varying
degrees, the potential to transform into acutemyeloid leukaemia
(AML). Secondary (non-clonal) polycythaemias and thrombo-
cytoses will also be discussed in this chapter, as they often enter
the differential diagnosis of their clonal counterparts.
In addition, some of the less commonMPNswill be described,

namelymastocytosis and its variants, and the clonal eosinophilic
syndromes. The ontogeny of the target cell for transformation is

less well established in these disorders, but there is accumulating
evidence implicating the pluripotent haemopoietic stem cell in
at least some cases.

The polycythaemias

True polycythaemia refers to an absolute increase in total
body red cell volume (or mass), which usually manifests itself
as a raised haemoglobin concentration (Hb) and/or haemat-
ocrit/packed cell volume. A raised Hb (or haematocrit) can
also be secondary to a reduction in plasma volume, without an
increase in total red cell volume; this is known as apparent (or
relative) polycythaemia.
True polycythaemia is further subdivided into primary poly-

cythaemia (in which haemopoiesis is intrinsically abnormal
e.g. PV), and secondary polycythaemia, which results from an
increased erythropoietin drive, either in the presence or in the
absence of hypoxia (Figure 26.1).

Polycythaemia vera

The central pathological feature of PV is an expansion in the
total red cell mass, although elevations in the platelet and/or
neutrophil counts are relatively common. The first description
of PV was by Vaquez in 1892. Osler, in 1903, published the first
series of patients, identifying salient clinical features setting PV
apart from other erythrocytoses. Considerable information has
been gathered about PV since the work of these pioneers, much
of it due to the work of the Polycythaemia Vera Study Group
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Apparent
polycythaemia
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polycythaemia
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polycythaemia

Idiopathic
erythrocytosis

Primary
polycythaemia

Raised Hb

Red cell mass
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Raised Not raised

Primary familial and 
congenital polycythaemia

Polycythaemia
vera

Figure 26.1 An aetiological classification of polycythaemia.

(PVSG), which was set up in 1967 with the aim of optimizing
diagnosis and management of PV. The discovery of the V617F
mutation in the pseudokinase domain of the tyrosine kinase
JAK2, in nearly all cases of PV,was amajor advance in our under-
standing of this disorder.

Pathophysiology
PV is a stem cell disorder characterized by hyperplasia of all
three major myeloid cell lineages. The first line of evidence
in support of the stem cell origin of PV came in the form
of clonality studies. Using X-chromosome inactivation patterns
(XCIPs) in the mid-1970s Fialkow and colleagues showed that
neutrophils, erythrocytes and platelets originated from the same
clone. Large studies have since confirmed these findings.
Erythropoiesis in PV is autonomous and does not rely

on erythropoietin (EPO). Plasma levels of this hormone are
reduced in PV patients and PV progenitor cells, unlike normal
ones, can survive in vitro and give rise to erythroid colonies
(BFU-E) in the absence of added erythropoietin (endogenous
erythroid colonies, EECs). PV erythroid progenitors show an
increased sensitivity to EPO, but also to several other growth
factors, including insulin-like growth factor-1, thrombopoietin,
interleukin-3 and granulocyte/monocyte colony-stimulating

factor. Germline mutations in the erythropoietin receptor
(EPOR) are known to occur in inherited polycythaemia, but
such mutations are absent in patients with PV.
In 2005, several groups identified a unique acquiredmutation

in the cytoplasmic tyrosine kinase JAK2 in myeloid cells from
the great majority of patients with PV. JAK2 lies downstream of
several cell-surface receptors including EPOR. Upon EPO bind-
ing to EPOR, JAK2 becomes phosphorylated and in turn phos-
phorylates downstream targets, most important of which are the
STATs (signal transducers and activators of transcription), lead-
ing to stimulation of erythropoiesis. Valine 617 is located in the
JH2 domain of JAK2, which acts to repress its kinase activity
(Figure 26.2). The V617F mutation leads to increased kinase
activity, confers cytokine independence and results in erythro-
cytosis in a mouse transplant model. The mutation appears to
be fairly specific to the classical MPNs and although it has been
reported in small numbers of patients with related myeloid neo-
plasms, it is not present in lymphoid or non-haemopoietic can-
cers. Intriguingly, the mutation is homozygous in a large pro-
portion of patients with PV and PMF, but this is rare in ET.
Indeed one of the proposedmechanisms for this singlemutation
occurring in three different entities is that gene dosage influ-
ences phenotype with mutation burden being higher in PV and
PMF than ET. There is no current role for quantitating mutant
allele burden for JAK2V617F or othermutations except perhaps
in the post stem cell transplant setting. It appears that the mod-
erate familial predisposition to MPNs can be largely attributed
to an inherited haplotype block surrounding the JAK2 gene
(the 46/1 haplotype), although the mechanism underlying this
interaction between somatic and germline genetics has not been
identified.
When appropriately sensitive methods are used for the detec-

tion of the V617F mutation, about 95% of PV patients are posi-
tive. Recently, mutations elsewhere in JAK2 have been described
in most of the V617F-negative patients who have PV by strict
diagnostic criteria. These mutations cluster in exon 12, and can
be of several different types, but all seem to affect the pseu-
dokinase domain, leading to constitutive activation of the JAK2
kinase. Interestingly, compared to PV patients with the V617F
mutation, those carrying exon 12 mutations tend to be younger
and have a more isolated erythrocytosis, with less frequent
thrombocytosis and leucocytosis. The molecular basis for these
differences in phenotype has not been identified.

Val617Phe
FERM SH2 JH2 JH1

Human
Dog
Mouse
Rat
Chicken

FFEAASMMSKLSHKHLVLNYGVCVCGDENILVQEFV
FFEAASMMSQLSHKHLVLNYGVCVCGEENILVQEFV
FFEAASMMSQLSHKHLVLNYGVCVCGEENILVQEFV
FFEAASMMSQLSHKHLVLNYGVCVCGEENILVQEFV
FFEAASMMSQLSHKYLVLNYGVCVCGEENILVQEYV

Figure 26.2 Diagrammatic representation of JAK2
indicating the location of valine 617 and the very high
degree of cross-species amino-acid homology in its JH2
domain. The JH2 domain normally acts to repress the
kinase activity of JAK2, but its ability to do so is impaired in
the presence of the JAK2 V617F mutation. (Adapted from
Baxter et al., 2005 [Lancet 2005; 365: 1054–61]. Reproduced
with permission of Elsevier.)
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Truncating mutations and deletions in a tumour-suppressor
gene, TET2, have been reported in ∼15–20% of patients with
MPNs; consequences of these mutations remain unclear but
recent data suggests order of acquisition mutations effects
phenotype and therapy response. Recurrent somatic mutations
in a number of other genes have also been found in a minority
of patients with PV. These genes often encode epigenetic regula-
tors, such as TET2, and are also mutated in other MPNs, as well
as in MDS and AML.

Clinical features
Epidemiology
The annual incidence of PV is reported to be around 2–3 per
100,000 of the population, with a male–female ratio of 1.2:1.
The median age at onset is 55–60 years and although incidence
increases with age, PV can occur at any age even, rarely, in
childhood.

Thrombotic complications
Thrombosis is the most common serious complication of PV.
Untreated PVpatients run a greatly increased risk of thrombosis,
which can be arterial, venous or microvascular. The increased
haematocrit leads to an increased blood viscosity, rheologi-
cal abnormalities and abnormal platelet–endothelial contact.
Additionally, procoagulant changes in platelets (e.g. decreased
response to prostaglandin D2), thrombocytosis and pre-existing
vascular disease can all conspire to dramatically increase throm-
botic risk.
Arterial occlusions can lead to myocardial infarcts, strokes,

transient ischaemic attacks, amaurosis, scotomata, and mesen-
teric and limb ischaemia. Less commonly, microvascular occlu-
sions affecting the extremities and erythromelalgia can occur.
In the venous circulation, unusual sites, such as the splanch-

nic vessels can be involved. As a result, mesenteric, splenic and
hepatoportal thromboses (Figure 26.3) are recognized present-
ing features of PV. Recent data indicate that this propensity
to venous thrombosis in atypical sites is particularly strongly
correlated with the presence of the JAK2 V617F mutation,
and indeed patients presenting with otherwise unexplained
splanchnic vein thrombosis will often be found to have the
mutation, even in the absence of an overt MPN. Superficial
thrombophlebitis, conventional deep venous thromboses and
pulmonary emboli are also seen.

Neurological features
Over and above the consequences of occlusive vascular lesions,
the sluggish cerebral blood flow secondary to the increased
haematocrit is thought to underlie features such as headaches,
drowsiness, insomnia, amnesia, tinnitus, vertigo, chorea and
even depression. Transient visual disturbances also occur.

Pruritus
This symptom occurs in about one-quarter of PV patients and
in some it may be severe. It is characteristically aquagenic,

Figure 26.3 Polycythaemia vera presenting with the Budd–Chiari
syndrome in a 28-year-old man: contrast computerized
tomography showing reduced enhancement of the right lobe of the
liver (arrow) with characteristic sparing of the caudate lobe
(arrowhead). On this occasion, the left lobe was also relatively
spared. Marked ascites and a bulky spleen are also seen.

precipitated bywarmbaths and can be associatedwith erythema,
swelling or evenpain. Pruritus is often relieved by controlling the
haematocrit, but its aetiology remains elusive. Basophilia, hyper-
histaminaemia and iron deficiency may have a role and there is
an increased incidence in patients with a lower mean corpuscu-
lar volume (MCV).

Skin
Plethora, dilated conjunctival vessels and rosacea-like facial
skin changes are not uncommon at presentation. Brown dis-
coloration of the skin, erythromelalgia and, rarely, Sweet’s syn-
drome may be seen.

Splenomegaly
Palpable splenomegaly is seen in 30–50% of cases of PV. It is
unclear if its presence affects prognosis, but it may be associated
with an increased risk of progression to myelofibrosis.

Hypertension and gout
Hypertension is probably more common in patients with PV, as
is hyperuricaemia, with gout seen in about 5% of cases.

Leukaemic transformation
This is perhaps the most feared complication of PV, but the risk
of developing acute leukaemia in PV patients treated only with
venesection is thought to be small in the short term (1–3%). This
risk, however, increases dramatically (more than tenfold) when
radioactive phosphorus (32P), chlorambucil or irradiation are
used as treatment. The median time interval between first start-
ing such therapy and developing acute leukaemia is 5–8 years.
Interestingly, in about half of patients transforming to acute
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Figure 26.4 Blood film from a case of postpolycythaemic
myelofibrosis after splenectomy. Note the presence of nucleated
erythrocytes, giant platelets and features of splenectomy including
target cells, spherocytes and acanthocytes.

leukaemia from a preceding JAK2-positiveMPN, the leukaemia
is JAK2-negative. Recent long-term studies suggest that the risk
of myelodysplasia (MDS) or acute myeloid leukaemia (AML)
in PV patients treated with hydroxycarbamide, is approximately
20% at 20 years, although it is not clear whether this repre-
sents an effect of the drug or part of the natural history of the
disease.

Myelofibrosis
Progression to myelofibrosis, so-called post-PV myelofibro-
sis (PPV-MF) (Figure 26.4) occurs in around 10–20% of PV
cases at 15 years after diagnosis. This figure is approximate,
not least because different studies have used distinct criteria
to define myelofibrotic transformation. Transformation often
occurs gradually over many years, is thought to reflect accu-
mulation of additional mutations and is associated with an
increased risk of leukaemic conversion. The management of
these patients is similar to that of PMF.

Investigations
Thediagnosis of PV requires the identification of features in sup-
port of this diagnosis, as well as the exclusion of secondary and
apparent polycythaemia. The original set of diagnostic criteria
was formulated by the PVSG in the 1970s. The BCSH guide-
lines for diagnosing PV, taking into account the latest advances
in the molecular understanding of these disorders, are shown in
Table 26.1.
Most patients can now be diagnosed on the basis of a raised

haematocrit (>0.52 formen and>0.48 forwomen) togetherwith
the presence of the JAK2 V617F mutation. It is also important
to emphasize that the V617F mutation has been identified in

Table 26.1 Diagnostic criteria for polycythaemia vera, as
recommended in the BCSH guidelines.

JAK2-positive polycythaemia vera
A1 High haematocrit (>0.52 in men, >0.48 in women) OR

raised red cell mass (>25% above predicted)∗

A2 Mutation in JAK2

Diagnosis requires both criteria to be present

JAK2-negative polycythaemia vera
A1 Raised red cell mass (>25% above predicted) OR

haematocrit >0.60 in men, >0.56 in women.
A2 Absence of mutation in JAK2
A3 No cause of secondary erythrocytosis
A4 Palpable splenomegaly
A5 Presence of an acquired genetic abnormality (excluding

BCR–ABL) in the haematopoietic cells
B1 Thrombocytosis (platelet count >450 × 109/L)
B2 Neutrophil leucocytosis (neutrophil count >10 × 109/L

in non-smokers; >12.5 × 109/L in smokers)
B3 Radiological evidence of splenomegaly
B4 Endogenous erythroid colonies or low serum

erythropoietin

Diagnosis requires A1 + A2 + A3 + either another A or two
B criteria

∗Dual pathology (coexistent secondary erythrocytosis or relative
erythrocytosis) may rarely be present in patients with a JAK2-positive
MPN. In this situation, it would be prudent to reduce the haematocrit to
the same target as for polycythaemia vera.

a small proportion of other haematological malignancies (for
example, AML, chronic myelomonocytic leukemia and MDS).
However, none of these disorders is associated with a raised red
cell mass and clinical distinction from PV is rarely an issue. The
role of bonemarrow biopsy in the evaluation of PV remains con-
troversial, but itmay be useful as a baseline investigation for later
comparison in younger patients with the disorder, or if there are
atypical clinical and laboratory features at presentation.
A minority of patients with clinical PV is negative for the

V617F mutation, even when tested using sensitive detection
methods. Many reference laboratories now offer highly sensi-
tive molecular testing for JAK2 exon 12 mutations, and this
should be considered in patients who have a typical clinical
and laboratory presentation of PV, but who are negative for the
V617Fmutation. Rarely, patientswill be negative for bothV617F
and exon 12 JAK2 mutations. In these patients, the diagnosis
of PV can be made if the other criteria set out in Table 26.1
are met, but it should be remembered that this group of truly
JAK2-negative polycythaemia vera is very rare, and secondary
erythrocytosis, idiopathic erythrocytosis and relative erythrocy-
tosis are all much more likely diagnoses in this clinical setting.
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Treatment
Identification of the JAK2 V617F mutation has generated a lot
of interest in the development of therapeutic JAK2 inhibitors.
However, as patients with PV currently have a very good prog-
nosis, new agents will have to display an excellent safety profile.
Preliminary data is now becoming available in this setting, as
discussed below. For the time being, the treatment of PV should
employ existing treatment modalities whose effectiveness has
been validated, as described below.
In the absence of extreme leucocytosis or thrombocytosis,

progressive splenomegaly or thrombosis, regular venesection
remains the mainstay of treatment for PV in patients who can
tolerate it. A target haematocrit of ≤0.45 is widely used, follow-
ing the demonstration that in patients with PV, higher haema-
tocrit targets are associated with a significantly increased risk
of thrombosis. This has recently been confirmed in a random-
ized controlled trial, CYTO-PV. Venesection has little impact
on the haematocrit in the short term: the purpose of regular
venesection is to induce iron deficiency, such that the haema-
tocrit remains chronically below the target threshold of 0.45.
Thus, typical venesection regimens start with phlebotomy every
2–3 weeks until the haematocrit is controlled, and thereafter
phlebotomy is generally needed every 1–3 months, depend-
ing upon factors such as dietary iron intake and erythropoietic
activity.
Cytoreductive therapy is recommended for patients unable

to undergo venesection and those with marked thrombocyto-
sis, leucocytosis, and either progressive splenomegaly or prior
thrombosis. However, the level of thrombocytosis, leucocytosis
or splenomegaly that warrants cytoreduction is not well defined.
Hydroxycarbamide (hydroxyurea) is the most commonly used
drug, it is orally bioavailable and generally very well tolerated,
and it will reduce both the haematocrit, leucocyte count and
platelet count. The commonest complications are leucopenia or
thrombocytopenia, which are dose dependent and can usually
be avoided by closemonitoring of the blood countwhen the drug
is first introduced. In susceptible patients it can cause photosen-
sitivity, painful leg ulcers and gastrointestinal side-effects. Other
important cutaneous toxicities of hydroxycarbamide include
increased risk of sun-induced squamous skin lesions, these may
be both cancerous and precancerous, and pigmentation can also
occur. Patients should be warned about these effects and coun-
selled about sun exposure. Hydroxycarbamide is also genotoxic
and as a radiomimetic it should be stopped during radiotherapy.
The usual dose is 0.5–2 g daily.
It has been suggested that hydroxycarbamidemay increase the

inherent leukaemogenic risk associated with PV. This concern is
largely based on studies involving small numbers of patients or
patients who have also required other cytotoxic agents (andmay
therefore represent a subgroup withmore aggressive disease). At
present, there are no convincing data to show that hydroxycar-
bamide, when used as a single agent, significantly increases the
risk of leukaemia, although a small effect cannot be excluded.

The only available comparator studies have shown that the com-
parator treatments (e.g. pipobroman) are more leukaemogenic.
Preliminary data from studies of hydroxycarbamide in sickle cell
disease are reassuring, with most recently reported follow-up of
17.5 years; however, sickle cell disease is not an acquired clonal
disease with an inherent tendency to leukaemic transformation,
so whilst this data is reassuring it is not directly transferable to
MPN patient populations.
Interferon-α is effective in controlling both the platelet/

leucocyte count and the haematocrit, and there are some data
that it may induce impressive reductions in the burden of
V617F-positive cells in the blood. It is not widely used because
of its cost, route of administration (subcutaneous injection) and
its side-effects (including fatigue, flu-like symptoms, depression,
autoimmune phenomena). It can be useful, however, in young
patients who are reluctant to take other cytotoxic agents, in preg-
nancy and in patients with intractable pruritus. The usual dose
range is 3–5 mU three times per week. There is increasing inter-
est in pegylated formulations of interferon, which may be better
tolerated, but comparator studies with any type of interferon are
currently lacking.
Anagrelide can be useful in controlling the platelet count and

can be combined with hydroxycarbamide allowing lower doses
of both agents. Approximately 10% of patients are completely
refractory to anagrelide. The usual dose is 1–2 mg daily, but
occasional patients may require doses of up to 8 mg daily. Its
side-effects are mainly secondary to its inotropic and vasodila-
tory properties (e.g. headaches, palpitations and fluid retention)
although marked anaemia may also occur. Anagrelide is cur-
rently only approved for patients with ET and as second-line
therapy.
Ruxolitinib continues to be investigated in PV, it has been

approved for PV patients resistant or intolerant to hydroxycar-
bamide but its effects on thrombosis and transformation are
unclear.
Busulfan is sometimes used in elderly patients or when all

other treatments are not tolerated. It is very convenient as it need
only be administered intermittently, but may increase the risk of
leukaemia. The usual dosage is 25–75 mg as a single dose every
2–3 months, or 2–4 mg daily for 7–14 days repeated every 4
weeks until the target blood count is reached.
Low-dose aspirin (75–100mgdaily) reduces thrombotic com-

plications in PV and is used inmost patients without contraindi-
cations to this drug. Its use is supported by a randomized study
(ECLAP).
Pruritus often improves with control of the haematocrit, but

paroxetine, antihistamines and aspirin (in some cases) can help.
There are also reports that psoralen-UV light therapy, IFN or
the JAK1/2 inhibitor ruxolitinib can be useful in intractable
cases.
In view of the age of most patients and the relatively benign

natural history of treated PV, bone marrow transplantation is
not advocated for stable disease. The role, if any, of transplants
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employing reduced-intensity conditioning regimes is not yet
clear.

Prognosis
In the first half of the twentieth century, untreated poly-
cythaemia had a dismal prognosis, with a 50% survival of less
than 2 years. However, adequately treated PV now has a rela-
tively benign natural history with a life expectancy of over 11
years, bearing in mind that the average age of onset is 60 years.
Factors predictive of poorer prognosis and increased complica-
tion rates in PV include JAK2 mutation burden and white cell
count at diagnosis, both factors probably serving as surrogate
markers of disease activity.

Other causes of erythrocytosis

All disorderswith an increased red cellmasswhich are not due to
a clonal proliferation of haemopoietic progenitors are included
under this heading. They are most conveniently subclassified
into primary and secondary causes. In primary polycythaemia,
the defect is intrinsic to the red cell precursors, which are hyper-
sensitive to erythropoietin. In secondary polycythaemia, the
defect is upstream of the red cell precursors. The latter group
can be further subdivided into polycythaemias in the presence
or in the absence of systemic hypoxia. A small group of patients
do not fall into any of these categories and are given the diag-
nosis of idiopathic erythrocytosis (IE) (Table 26.2). The clinical
management of many of these syndromes is not well defined.
The term apparent polycythaemia refers to a raised haemat-

ocrit in the absence of a raised red cellmass and is discussed later
in this chapter.

Primary erythrocytosis
Inherited/congenital erythrocytosis
Primary familial and congenital polycythaemia (PFCP) is a rare
disorder in which erythropoiesis is intrinsically overactive. The
disorder is usually transmitted in an autosomal dominant man-
ner, with some cases appearing sporadically. Clinical features
include the presence of isolated erythrocytosis without evo-
lution into leukaemia or other myeloproliferative neoplasms,
absence of splenomegaly, normal white blood cell and platelet
counts, low or normal plasma erythropoietin (Epo) levels, nor-
mal haemoglobin–oxygen dissociation curve/P50, and hyper-
sensitivity of erythroid progenitors to Epo. Mutations in the
gene encoding the erythropoietin receptor (EpoR) have been
described in several (but not all) families with PFCP. In most
cases, themutations lead to a C-terminal truncation of the EpoR
protein, with increased sensitivity to Epo.

Secondary erythrocytosis
Erythrocytosis in the presence of systemic hypoxia
Chronic lung disease and hypopnoea
Lung disease is the predominant cause of chronic sys-
temic hypoxia at sea level. Hypoxaemic chronic obstructive

Table 26.2 Causes of an erythrocytosis.

Causes of absolute erythrocytosis (i.e. red cell mass 125% of
predicted)
Primary (abnormality within RBCs)
� Congenital
◦ Truncated erythropoietin receptor
◦ Mutations within LNK

� Acquired
◦ Polycythaemia vera

Secondary (abnormality outside RBCs)
� Congenital
◦ Abnormal haemoglobin with increased oxygen affinity
◦ Reduced 2,3-bisphosphoglycerate
◦ Mutation in von Hippel–Lindau (VHL) gene
◦ Mutations in proline dehydroxylase genes
◦ Mutations in hypoxia inducible factor (HIF) genes

� Acquired (increased erythropoietin)
◦ Conditions causing low oxygen levels – high altitude,
chronic lung disease, some congenital heart diseases
◦ Renal disease – tumours (hypernephroma), cysts
(usually benign), hydronephrosis, following kidney
transplantation
◦ Liver disease – hepatoma, cirrhosis, hepatitis
◦ Tumours – bronchial cancer, fibroids in the uterus,
cerebellar haemangiomata
◦ Endocrine abnormalities – Cushing’s syndrome,
phaeochromocytoma
◦ Drugs – erythropoietin and androgens

Idiopathic (undefined primary or secondary)
� May resolve or pathology may be masked initially

Causes of apparent erythrocytosis (i.e. normal red cell mass,
but elevated haematocrit)
� Normal variant
� Early absolute erythrocytosis
� Obesity, fluid loss, diuretics, smoking, hypertension,
alcohol, renal disease, psychological stress

pulmonary disease (COPD) is the commonest syndrome, but
any lung–airway disease leading to chronic hypoxia could cause
polycythaemia. Syndromes such as obstructive sleep apnoea and
hypoventilation due to muscle weakness or paralysis can also
occasionally be associated with secondary erythrocytosis.
Where possible, hypoxia should be ameliorated by treating the

lung disease or with home oxygen therapy. Erythrocytosis has
opposing effects on oxygen delivery as it increases the oxygen-
carrying capacity, while also increasing blood viscosity. Unfortu-
nately, there is little evidence from clinical trials to guide man-
agement. In practice, many specialists suggest that venesection
should be performed for haematocrits above 0.55, with a target
of 0.50.
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High altitude
Residents at altitudes above 4000 m compensate for the ambient
hypoxia by multisystem adaptation, including mild erythrocy-
tosis, increase in capillary perfusion and lung diffusion capacity,
as well as biochemical changes in metabolic enzymes and myo-
globin. Excessive altitude polycythaemia (haematocrit ≥0.65) is
seen in a proportion of cases and is often accompanied by hyper-
uricaemia and proteinuria. Some of these individuals eventually
decompensate and develop chronic mountain sickness (Monge’s
disease). Such people deteriorate steadily and develop extreme
polycythaemia (sometimes haematocrit ≥0.75), arterial desat-
uration and right heart failure. Resettlement at lower altitudes
halts disease progression and can partly reverse it. Treatment
with angiotensin-converting enzyme (ACE) inhibitors has been
shown in randomized studies to reduce the haematocrit and pro-
teinuria seen in excessive altitude polycythaemia.

Congenital cyanotic heart disease
Congenital heart defects leading to a right-to-left shunt can
cause dramatic erythrocytosis (up to a haematocrit of 0.80).
Surgery to correct the cardiac defect should be undertakenwhen
possible. A few inoperable patients survive to adulthood and the
management of their erythrocytosis is not straightforward. As
in patients with chronic lung disease, the increase in oxygen-
carrying capacity afforded by erythrocytosis is countered by
an increased viscosity and associated haemodynamic changes.
Here, however, we are often dealing with young patients with
responsive vasculatures, which can usually accommodate such
changes. Experts advocate allowing the haematocrit to rise fur-
ther and venesect for symptoms such as recurrent haemoptysis,
marked fatigue or deteriorating exercise tolerance.

High-affinity haemoglobins (see also Chapter 6)
High-affinity haemoglobins release less oxygen for a given oxy-
gen partial pressure, and may thus give rise to tissue hypoxia.
This leads to an erythropoietin-driven erythrocytosis, which
tends to re-normalize erythropoietin levels. The pathognomonic
anomaly is a left shift in the oxygen dissociation curve (Fig-
ure 26.5). The precise variant can be identified by mutational
screening of DNA or by protein mass spectrometry.
There are over 40 haemoglobin variants with an increased

affinity for oxygen, all dominantly inherited. Most are due to
mutations in β-globin, with a small number due to mutations in
α-globin. Mutations are clustered in regions of the globin chains
involved in the regulation of the transition between tense (T)
and relaxed (R) states of haemoglobin. Normally, oxy-HbA is in
the T state and has low affinity for oxygen, and deoxy-HbA is
in the R state and has a high affinity for oxygen. Mutations at
the αβ contact site (e.g. Hb San Diego), the C-terminus (e.g. Hb
Bethesda) and the 2,3-BPG (2,3-bisphosphoglycerate) binding
site (e.g. Hb Helsinki) are the commonest causes of this finding.
Most people with a high-affinity Hb are in good health and

are either diagnosed coincidentally or after being noticed to be
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Figure 26.5 Haemoglobin–oxygen dissociation curves from a
27-year-old man with a raised red cell mass and a normal person
(HbA) showing the presence of a high-affinity Hb (‘left shift’).
Mass spectrometric analysis showed the man to be heterozygous
for Hb San Diego, a high-affinity β-chain variant.

plethoric. Some experience excessive muscle fatigue after vig-
orous exercise. Hyperviscosity is rarely a problem and surveys
have failed to identify increased cardiovascular morbidity or
mortality. Pregnancy is not adversely affected, even in mothers
with haemoglobin affinity that exceeds that of HbF. Generally,
therefore, no management is required, unless patients are symp-
tomatic.

Red cell metabolic defects
Very rare cases of erythrocytosis are due to abnormalities in
red cell metabolism that lead to a reduction in intraerythrocytic
2,3-DPG. The best-characterized defect is a mutant 2,3-DPG
mutase. The only well-characterized family with this disorder
showed an autosomal recessive inheritance, although heterozy-
gous family members had a decreased P50 and, in some cases, a
moderate erythrocytosis. This disorder is excluded by the find-
ing of a normal P50 in a fresh blood sample.

Methaemoglobinaemia
Oxidation of haem iron converts it from its normal fer-
rous (Fe2+) to the ferric (Fe3+) form and, correspondingly,
haemoglobin (HbA) becomes methaemoglobin (Met-HbA).
This constitutes an important antioxidant mechanism for the
red cell, and conversion of Met-HbA back to HbA requires the
generation of NADH from glycolysis. The rate of HbA auto-
oxidation is about 20 times slower under normal circumstances
than the rate of Met-HbA reduction, thus preventing Met-HbA
accumulation.
Methaemoglobin has an increased affinity for oxygen and

a left-shifted oxygen dissociation curve. Pathological acquired
methaemoglobinaemia can result from exposure to strong oxi-
dants (e.g. dapsone, paraquat, benzocaine) and can be life-
threatening when severe, but is rarely sufficiently long-lived to
give rise to polycythaemia.
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Hereditary methaemoglobinaemias can be due to
haemoglobinmutations involving amino acids around the haem
pocket (haemoglobin M disease) (Chapter 6), or secondary
to enzymatic deficiencies that interfere with the generation
of NADH, which is required for day-to-day methaemoglobin
reduction (namely NADH reductase and cytochrome b5 reduc-
tase). In view of the chronic nature of themethaemoglobinaemia
in these disorders, secondary erythrocytosis can develop and
is likely best managed in the same manner as for high-affinity
haemoglobin mutants.

Heavy smoking
Heavy smoking can lead to mild polycythaemia in the absence
of hypoxic lung disease. The underlying cause of this is a raised
carboxyhaemoglobin (CO-Hb) level, resulting from chronically
raised carbon monoxide (CO) levels. CO-Hb levels in urban-
dwelling non-smokers are rarely higher than 2%, with levels
ranging from 3% to 20% in smokers. The short half-life of CO
in the body (3–5 h) leads, in smokers, to a rise in CO-Hb during
the day and a fall during sleep, making it difficult to compare
measurements taken at different times. Binding of CO to Hb, as
well as displacing O2, leads to a conformational change similar
to that seen in methaemoglobinaemia, with a similar left shift in
the oxygen dissociation curve and a fall in P50. Venesection is
usually not used in these patients unless there is a clear throm-
botic history or high risk.

Erythrocytosis in the absence of systemic hypoxia
Chuvash polycythaemia (CP) is an autosomal recessive condi-
tion that is endemic in the Russian mid-Volga river region of
Chuvashia. Patients have increased levels of circulating erythro-
poietin but do not carry mutations of the Epo receptor. CP was
recently shown to be associated with an Arg200Trp substitution
in the von Hippel–Lindau (VHL) gene. TheVHL gene is pivotal
for ubiquitination and subsequent degradation of HIF-1 tran-
scription factor, which is central to the oxygen-sensing pathway
(Chapter 2). This VHL mutant leads to a reduced rate of degra-
dation of HIF-1 and upregulation of downstream targets includ-
ing Epo, leading to polycythaemia. Recently, some of the rare
non-Russian families with inherited polycythaemia were also
shown to carry VHL mutations, and occasional pedigrees with
mutations elsewhere in the oxygen-sensing pathway have been
described, including the PHD2 and HIF-2A genes.

Abnormal erythropoietin secretion
Abnormal Epo secretion is a well-recognized cause of sec-
ondary erythrocytosis and ismost commonly secondary to renal
pathologies such as renal tumours (benign andmalignant), poly-
cystic kidney disease and diseases associated with local hypoxia,
such as renal cysts, hydronephrosis and renal artery stenosis.
The polycythaemia usually responds to treatment of the under-
lying renal pathology.

Erythrocytosis occurs in 20–30% of patients after renal trans-
plantation. The biggest risks to such patients are hyperten-
sion, strokes and cardiovascular complications. In many cases,
the erythrocytosis and associated hypertension respond to
ACE inhibitors. Theophylline may also be effective in some
cases. Patients who remain polycythaemic despite such treat-
ments should be treated with repeated venesections to main-
tain their haematocrit below 0.45; 30–40% of cases resolve
spontaneously.
Non-renal tumours can rarely be associated with poly-

cythaemia. The commonest reported ones are hepatocellular
carcinoma, cerebellar and other haemangiomata and large uter-
ine fibromyomata. Polycythaemia responds to removal of the
tumour in most of these cases.

Endocrine disorders
The mechanism underlying the development of polycythaemia
in most endocrine disorders lies in the over-production of
androgens, which can produce polycythaemia by increasing Epo
levels and also, probably, through a direct action on bone mar-
row progenitors. Uncontrolled diabetes is also an important
cause, which is usually easily identified.

Idiopathic erythrocytosis
In a small proportion of patients with polycythaemia the crite-
ria for the diagnosis of PV are notmet and no other aetiology for
the raised red cell mass can be identified. This group is hetero-
geneous and likely to include patients with germline mutations
causing polycythaemia as well as some that will go on to develop
overt PV.With the advent of increasingly sophisticated diagnos-
tic tests and the identification of the molecular lesions in many
inherited forms of polycythaemia, idiopathic erythrocytosis is
becoming a rare entity. These patients are usually treated with
low-dose aspirin unless this is contraindicated and venesection
instituted to a target of 0.45.

Apparent polycythaemia
Apparent polycythaemia refers to a raised haematocrit in the
presence of a normal red cell volume (less than 25% above the
predicted mean normal value). The raised haematocrit is due to
a reduction in the plasma volume. Smoking, hypertension, obe-
sity, excessive alcohol and diuretic therapy have all been asso-
ciated with apparent polycythaemia. Pathogenesis is uncertain
and almost certainly heterogeneous.
It is not clear whether apparent polycythaemia is associated

with increased rates of thrombosis, but it seems sensible to
encourage affected individuals to avoid known predisposing fac-
tors. There are no convincing data that routine venesection is
beneficial, but a haematocrit beyond 0.54 is likely to be asso-
ciated with thrombotic risk and many haematologists would
maintain the haematocrit below this level to an individually
tailored target.
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Essential thrombocythaemia

The fundamental pathological feature of essential thrombo-
cythaemia (ET) is a persistent elevation in the platelet count.
However, ET has been poorly understood largely because of a
lack of positive diagnostic criteria, together with the fact that
cases labelled as ET are likely to be pathogenetically hetero-
geneous. In 1934 Epstein and Goedel first described a patient
with persistent elevation of the platelet count in association with
megakaryocyte hyperplasia and tendency for venous throm-
boses and haemorrhage. Subsequently Ozer and Gunz indepen-
dently described two series of patients in 1960, thus confirming
ET as a specific clinical entity. The discovery that approximately
half the cases of ET carry the JAK2 V617F mutation, as do half
the cases of PMF and nearly all cases of PV, has enhanced our
understanding of the relationship between the three disorders.
Many JAK2-unmutated patients with ET or PMF harbor muta-
tions in calreticulin (CALR), an endoplasmic reticulum chaper-
one, and a small proportion carry mutations of the thrombopoi-
etin receptorMPL. A number of differentmutations occur in the
CALR; they all affect a common region of the gene exon 9. The
commonest are a 52-bp deletion, so-called type-1 mutation, or
a 5-bp insertion, so-called type-2. Thus far the functional con-
sequences of these different mutations are unclear, but type-1
mutations appear to predominate in PMF and type-2 in ET.

Pathophysiology

X-chromosome inactivation patterns (XCIP) provided the first
evidence that ET may be a clonal stem cell disorder involving
granulocytes, platelets and red cells, but not T cells. For 80–90%
of patients, a molecular basis for the clonality can be found, with
∼55%, 30% and 5% of ET patients positive for the JAK2, CALR
and MPL mutations, respectively.
Clinical and pathological features vary significantly between

patients with ET, suggesting that the disease is heteroge-
neous. Prospective data from over 800 patients with ET has
demonstrated that the presence or absence of the JAK2 V617F
mutation divide ET into two biologically distinct disorders.
Mutation-positive ET exists along a continuum with PV, as
it displays multiple features of the latter, with significantly
increased haemoglobin levels, neutrophil counts and bone
marrow erythropoiesis, more venous thromboses and a higher
incidence of polycythaemic transformation. Mutation-negative
patients do nonetheless exhibit many clinical and laboratory
features characteristic of a myeloproliferative neoplasm, includ-
ing the presence of endogenous erythroid colonies and a risk of
transformation to acute leukaemia. Compared to JAK2-mutant
ET, patients with anMPLmutation present with a more isolated
thrombocytosis and less hypercellular bone marrow, whereas
those with a CALR mutation have lower haemoglobins, higher
platelet counts, less risk of thrombosis and perhaps a higher risk

of myelofibrotic transformation. Patients lacking all three muta-
tions (triple-negative) are often young and also have a lower
thrombosis risk.

Clinical features

Epidemiology
The annual incidence of ET is similar to that of PV at around
1.5–2.0 cases per 100,000 of the population. The median age
at onset is 50–55 years, with a small second peak in women of
reproductive age and, although it can occur at any age, it is rare
in childhood.

Thrombotic complications
As with PV, thrombotic complications are the main cause of
morbidity and mortality in ET. Thromboses are present in
around 15–20% of patients at presentation and may be arterial
or venous. The range of clinical syndromes is similar to PV, but
the frequency of splanchnic thromboses is probably lower and
strongly correlated with presence of the JAK2 V617F mutation.
A number of risk factors are associated with an increase in

the risk of thrombosis in patients with ET. The best character-
ized are aged over 60 years and have a prior history of thrombo-
sis. Other risk factors for thrombosis in ET are likely to include
diabetes, hyperlipidaemia, hypertension and cigarette smoking.
More recently, it has been reported that white cell count at diag-
nosis and reticulin levels at diagnosis have predictive value for
thrombosis (and indeed other complications) in ET. The exact
role these and other predictors have in individualizing treatment
regimens remains unclear.

Haemorrhagic complications
Bleeding is less common and less well studied than thrombosis
in ET, but can be dramatic when it happens. Efforts to corre-
late the thrombotic risk to platelet function abnormalities have
generally been fruitless and this investigation is also unable to
predict haemorrhagic risk. Bleeding is, however, more com-
mon in patients with platelet counts above 1000 and, in at least
some cases, this is due to an acquired von Willebrand disease,
with a decrease in circulating high-molecular-weight multimers
caused by adsorption to the surface of the excessive platelets.
Routine testing for acquired von Willibrand disease is not gen-
erally recommended, however.

Splenomegaly and hyposplenism
Splenomegaly is present in about 5% of ET patients at diag-
nosis and it is rarely more than mild. Progressive enlarge-
ment of the spleen during the course of ET should raise suspi-
cion of evolving myelofibrosis. It has been suggested that over
time, some patients with ET develop splenic atrophy secondary
to silent microinfarcts in the splenic microcirculation. Frank
hyposplenism and its complications are rare, however.
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Transformation to myelofibrosis or
polycythaemia vera
Transformation to myelofibrosis (termed post-ET myelofibro-
sis) and, more rarely, to PV, are recognized complications of
ET. Some, but not all, cases of apparent polycythaemic trans-
formation may represent resolution of prior iron deficiency, as
can happenwith iron supplementation and after themenopause.
The insidious onset of myelofibrotic transformation and the
reluctance to serially study bone marrow trephine biopsies have
hampered attempts to define its nature and frequency. Nonethe-
less, recent studies have shown that progression of reticulin
levels over time shows extensive interindividual variability, and
can be influenced by choice of therapy, being more marked in
patients treated with anagrelide (see below). From the available
data, myelofibrotic transformation occurs in less than 10% and
polycythaemic transformation in less than 1–2% of ET patients
over 10 years.

Leukaemic transformation
ET can evolve into anMDS or AML, even in untreated cases, but
only rarely. The presence of cytogenetic abnormalities and treat-
ment with alkylating agents increase this risk. Approximately 3%
of patients treated with hydroxycarbamide alone develop MDS
or AML if followed for a median time of 8 years. As with PV,
there are no data that demonstrate that hydroxycarbamide as a
single agent significantly increases the risk of leukaemia inher-
ent to this disease, but a small effect cannot be excluded. Data
from the Swedish cancer registry suggests that up to 25% of
MPN patients who develop AML have not been treated with a
cytoreductive agent.

Investigations

The lack of pathognomonic features and the existence of many
other causes of a raised platelet count have posed significant hur-
dles in the diagnosis of ET. The identification of a JAK2 V617F,
CALR or MPL mutation now provides a very useful positive
diagnostic criterion for approximately 80–90% of ET patients.
However, for so-called triple-negative patients ET remains a
diagnosis of exclusion and one which can only be made after
other clonal blood disorders and reactive thrombocytosis have
been ruled out. A proposed diagnostic schema for ET, as out-
lined by the BCSH guidelines, is given in Table 26.3.
An alternative set of diagnostic criteria, based largely around

salient bone marrow morphological features, have been pro-
posed as part of the ‘WHO classification of tumours’. Included
in these is the concept of ‘prefibrotic myelofibrosis’, a putative
group of patients previously labeled as ET, who reportedly have
increased rates of transformation to myelofibrosis over time.
These proposals remain highly controversial in the MPN liter-
ature. In particular, studies of interobserver reliability for the
histological component of this classification have shown it to
be poorly reproducible, and a prospective multicentre study of

Table 26.3 Diagnostic criteria for essential thrombocythaemia
(ET), as recommended in the BCSH guidelines for ET.

Diagnosis requires A1–A3 or A1 + A3–A5
A1 Sustained platelet count >450 × 109/L
A2 Presence of an acquired pathogenetic mutation (e.g. in the

JAK, CALR orMPL genes)
A3 No other myeloid malignancy, especially PV1, PMF2,

CML3 or MDS4

A4 No reactive cause for thrombocytosis and normal iron
stores

A5 Bone marrow aspirate and trephine biopsy showing
increased megakaryocyte numbers displaying a spectrum
of morphology with predominant large megakaryocytes
with hyperlobated nuclei and abundant cytoplasm.
Reticulin is generally not increased (grades 0–2/4 or
grade 0/3).

1Excluded by a normal haematocrit in an iron-replete patient.
2Indicated by presence of significant bone marrow fibrosis (greater or
equal to 2/3 or 3/4 reticulin) AND palpable splenomegaly, blood film
abnormalities (circulating progenitors and tear-drop cells) or
unexplained anaemia.
3Excluded by absence of BCR–ABL1 fusion from bone marrow or
peripheral blood.
4Excluded by absence of dysplasia on examination of blood film and
bone marrow aspirate.

the prognostic discrimination achieved by such a label found it
to be minimal. Nevertheless, bone marrow histological features
such as giant, multilobated megakaryocytes and megakaryocyte
clustering (Figure 26.6) can be of value in making the diagnosis
of ET.

Reactive thrombocytosis

Thrombocytosis is most commonly reactive and secondary to
increased levels of circulating cytokines that stimulate throm-
bopoiesis. Inflammatory, vasculitic and allergic disorders, acute
and chronic infections, malignancies, haemolysis, iron defi-
ciency and blood loss can all lead to an increased platelet count
(Table 26.4). Reactive thrombocytosis can sometimes bemarked
and, occasionally, the platelet count can be greater than 1000 ×
109/L. There is usually evidence of on-going inflammation in
the form of a raised erythrocyte sedimentation rate (ESR) or C-
reactive protein but this is not always the case.

Other clonal thrombocytoses

A number of other haematological malignancies can be associ-
ated with thrombocytosis. Chronic myeloid leukaemia (CML)
can be excluded by demonstrating the absence of the bcr–abl
fusion transcript. Iron deficiency can mask the typical raised
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Figure 26.6 Bone marrow trephine section (haematoxylin and
eosin, H&E) from a 60-year-old man with essential
thrombocythaemia. Note the hypercellularity and marked increase
in megakaryocyte numbers, consisting largely of clusters of
mature, multilobated forms.

red cell mass of PV, although the clinical utility of distinguish-
ing iron-deficient PV from ET is probably minimal. Established
PMF can be excluded by the absence of significant bone mar-
row fibrosis and other characteristic laboratory features, such as
leucoerythroblastic blood film and splenomegaly.
Lastly, myelodysplastic syndromes can also be associated with

a thrombocytosis in a minority of cases, but there are usually

Table 26.4 Causes of a reactive thrombocytosis.

� Iron deficiency
� Blood loss (acute or chronic)
� Hyposplenism/splenectomy
� Surgery
� Acute bacterial infection
◦ Pneumonia, septicaemia, meningitis, diverticular
abscess etc.

� Chronic inflammation
◦ Vasculitides
◦ Inflammatory bowel disease
◦ Connective tissue disorders
◦ Rheumatoid arthritis
◦ Chronic infections

� Malignancies
� Rebound thrombocytosis
◦ Following treatment of immune thrombocytopenic
purpura
◦ Recovery from chemotherapy

� Drugs
◦ Vincristine

coexisting cytopenias, dysplastic features or specific cytogenetic
abnormalities (e.g. deletion 5q). Sometimes, refractory anaemia
with ringed sideroblasts can be associated with thrombocytosis
and the presence of the JAK2 V617F mutation: this illustrates
the overlap among these chronic myeloid disorders.

Treatment

When considering the management of patients with ET, it is
helpful to stratify patients into risk groups, according to their
risk of vascular complications, and take treatment decisions on
this basis. Patients may be assigned to a high-, intermediate- or
low-risk category.

High-risk patients
High-risk patients are those over 60 years old and those with one
or more high-risk features, i.e. a platelet count ≥1500 × 109/L, a
prior history of thrombosis or significant thrombotic risk factors
such as diabetes or hypertension. In high-risk patients, control
of the platelet count with hydroxycarbamide reduces thrombotic
events compared to no cytoreductive therapy. The MRC PT-1
trial compared treatment with hydroxycarbamide plus low-dose
aspirin to anagrelide plus low-dose aspirin. Patients receiving
anagrelide plus aspirin were significantly more likely to reach
the composite primary endpoint (arterial thrombosis, venous
thrombosis or major haemorrhage) and more likely to discon-
tinue their allocated treatment. Compared to hydroxycarbamide
plus aspirin, treatment with anagrelide plus aspirin was asso-
ciated with a significantly increased rate of arterial thrombo-
sis, major haemorrhage and myelofibrotic transformation, but a
decreased rate of venous thromboembolism. These results sug-
gest that hydroxycarbamide plus aspirin should remain first-line
therapy for high-risk patients. Anagrelide is a useful second-
line agent, but the decision to use concurrent aspirin should
depend on the relative risks of arterial thrombosis and haemor-
rhage in the individual patient. A subsequent smaller study (the
ANAHYDRET trial) reported non-inferiority between hydroxy-
carbamide and anagrelide in patients with ET, as strictly defined
by the WHO-diagnostic criteria, but was underpowered to see
the differences observed in the PT1 study.
Analysis of patients from the PT-1 trial according to JAK2

status has shown that compared with V617F negative patients,
mutation-positive patients share many features with PV, includ-
ing a higher risk of venous thrombosis. Moreover V617F-
positive patients were more sensitive to hydroxycarbamide than
anagrelide, raising the possibility that hydroxycarbamide is par-
ticularly effective in these patients.
IFN-α can give good control of the platelet count in ET, but

as discussed under PV, its significant side-effect profile, sub-
cutaneous administration and cost prevent its widespread use.
It has a clearer role in the management of ET in pregnancy
(vide infra) and some favour it in young patients. Comparator
studies between interferon and hydroxycarbamide will be very
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important and are underway. Busulfan can achieve good control
of the platelet count, but is only rarely used because of concerns
over its long-term leukaemogenic potential. This is true for other
alkylating agents and for radioactive phosphorus (32P).

Intermediate-risk patients
Intermediate-risk patients are those between 40 and 60 years
old who lack any of the high-risk features listed above. It is not
clear whether it is beneficial to lower the platelet count in this
group. Most receive either aspirin alone, or hydroxycarbamide
and aspirin. For those electing to receive aspirin, the threshold
for initiating therapy is 1500 × 109/L.

Low-risk patients
Low-risk patients are those younger than 40 years old who lack
any high-risk features. Low-risk patients are usually given low-
dose aspirin alone, unless there is a contraindication, such as
previous peptic ulceration or allergy to salicylates. Antiplatelet
agents such as dipyridamole or clopidogrel should be considered
in these cases. In the setting of ET-associated haemorrhage, it is
probably best to avoid antiplatelet agents.

Prognosis

Few studies have directly addressed survival in ET and these
have reached different conclusions. Some suggest that mortality
at 10 years is that of age-matched controls, whereas others found
it to be worse. In high-risk patients, hydroxycarbamide reduces
vaso-occlusive events from 10.7 to 1.6 per 100 patient-years.

ET and pregnancy

ET is theMPN encountered most frequently in women of child-
bearing age, hence the most data exists for this compared to
other MPN. In pregnancy, the commonest complication of ET
is first-trimester miscarriage, which occurs in up to 30% of
pregnancies, and is thought to reflect placental microinfarcts
and insufficiency. Other less frequent complications include
intrauterine death, growth retardation, premature delivery and
pre-eclampsia. The risk of maternal thrombosis and haemor-
rhage is higher than in normal pregnancy; nonetheless a success-
ful outcome (live birth) is achieved in around 60% of cases and
nomaternal deaths were seen in a recent review of 220 pregnan-
cies. Data for PV and PMF in pregnancy is much more sparse;
however, pregnancy outcomes are similar, the main difference
for PV is the need to ensure the haematocrit remains in themid-
dle of the gestation-appropriate range (i.e. 0.45 is too high for
women beyond the first trimester of pregnancy).
The optimalmanagement of ET in pregnancy has not yet been

fully defined. There is conflicting evidence about the effective-
ness of aspirin but, given the good documentation of its safety
in a large unrelated study of pre-eclampsia, it should proba-
bly be given to most patients who are pregnant or planning a

Table 26.5 Criteria for high-risk pregnancy in myeloproliferative
neoplasms (MPN).

Sustained rise in platelet count rising to above 1500 × 109/L∗

Previous venous or arterial thrombosis
Previous haemorrhage attributed to MPN∗

Previous pregnancy complication
� ≥1 unexplained deaths of a morphologically normal fetus
≥10 weeks of gestation.
� ≥1 premature delivery of a morphologically normal fetus
<34 weeks gestation because of:
i Severe pre-eclampsia or eclampsia defined according to
standard definitions.
ii Recognized features of placental insufficiency.

� ≥3 unexplained consecutive miscarriages <10 weeks
gestation, with maternal and paternal factors (anatomic,
hormonal or chromosomal abnormalities) excluded.
� Otherwise unexplained intrauterine growth retardation.
� Significant antepartum or postpartum hemorrhage requiring
transfusion.
Abnormal uterine artery Dopplers at 20 weeks (mean
pulsatility index >1.4)

∗These would represent indications for interferon only rather than
interferon plus low molecular weight heparin.

pregnancy. Pregnancies deemed at ‘high risk’ (e.g. patients with
complications in a previous pregnancy or prior thrombosis; see
Table 26.5) should be considered for therapy with a combination
of IFN, aspirin and low-molecular-weight heparin. Hydroxy-
carbamide and anagrelide should not be used on account of
their teratogenic potential. Fetal growth and successful placenta-
tion should be closely monitored and therapies adjusted accord-
ingly. The blood count may rise dramatically in the postpartum
period. Hydroxycarbamide and anagrelide are excreted in breast
milk so that breast-feeding is contraindicated while a patient is
receiving either of these agents. Although IFN-α is also excreted
in breastmilk, it is unlikely to be absorbed intact by the baby and
there are anecdotal reports of successful breast-feedingwhile the
mother was receiving IFN.

Primary myelofibrosis

Also known as agnogenic myeloid metaplasia and idiopathic
myelofibrosis, primary myelofibrosis (PMF) has the poorest
prognosis of theMPNs. PV and ET can develop into a condition
that resembles PMF, usually after a latency of many years. The
first reported case of PMF is probably that reported by Hueck
in 1879 as a ‘peculiar leukaemia’. It was not until Dameshek’s
seminal work in 1951 that PMF was recognized as a myelo-
proliferative neoplasm. The identification of the JAK2 V617F
mutation in approximately half the cases of PMF and ET and
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nearly all cases of PV, revolutionized our understanding of the
relationship between the three disorders.We now also know that
many patients with JAK2-unmutated ET or PMF carry CALR
mutations, and a smaller number have MPL mutations. Analo-
gous to the concept of chronic and accelerated phases in CML,
it seems likely that PMF represents the presentation in acceler-
ated phase of a previously undiagnosed MPN. Consistent with
this concept, patients with PMF harbour more mutations, have
more cytogenetic abnormalities and display an increased risk of
leukaemic transformation.

Pathophysiology

Primary myelofibrosis is a clonal myeloproliferative neoplasm
of the pluripotent haemopoietic stem cell, in which the pro-
liferation of multiple cell lineages is accompanied by progres-
sive bone marrow fibrosis. Marrow fibrosis is thought to be
secondary to the release of proinflammatory cytokines from
abnormal clonal cells (primarily megakaryocytes), which act to
stimulate fibroblast proliferation and fibrosis. In support of this
premise, transgenic mice expressing high levels of TPO rapidly
develop myelofibrosis in association with increased megakary-
ocyte numbers. Additionally, mice expressing reduced levels
of the transcription factor GATA-1, which impairs the abil-
ity of their megakaryocytes to differentiate into platelets, also
develop myelofibrosis in association with increased expression
of cytokines such as transforming growth factor-β1, platelet-
derived growth factor and vascular endothelial growth factor in
the bone marrow.
In the peripheral circulation there is an increase in the num-

ber of CD34-positive cells, together with increased numbers of
progenitors capable of giving rise to a variety of haemopoietic
colonies. As with PV and ET, erythroid and megakaryocytic
colonies can also be derived in the absence of exogenous growth
factors.
The same molecular abnormalities seen in chronic-phase

MPNs, such as JAK2, MPL, CALR and TET2 mutations, are
found in patients with PMF, underscoring the inter-related
nature of these disorders. Nonetheless, other mutations and epi-
genetic abnormalities are more frequently found in PMF, in
keeping with the more aggressive phenotype, poorer prognosis
and later stage of the disease. For example, cytogenetic abnor-
malities are found in up to 60% of cases. The commonest are
deletions of 20q and 13q, trisomy 8, and abnormalities of chro-
mosomes 1, 5, 7 and 9. Oncogenemutations are not infrequently
found, and include point mutations in the RAS genes, KIT
and TP53.

Clinical features

Epidemiology
The estimated annual incidence of PMF is around 0.5–1.5 per
100,000 of the population, with most patients diagnosed in the

Figure 26.7 Massive splenomegaly in a 53-year-old man with an
8-year history of primary myelofibrosis (PMF).

sixth decade and roughly equal involvement of the two sexes. Up
to a third of patients are asymptomatic at diagnosis and many
of these are discovered after unrelated blood tests show modest
abnormalities, such as anaemia and thrombocytopenia.

Splenomegaly
An enlarged spleen is found in almost all patients at presentation
and splenic pain/discomfort is a common presenting symptom
of PMF. Most cases develop moderate to marked splenomegaly
during the course of the disease and about 10% of cases develop
massive splenomegaly, with the spleen extending to the right
iliac fossa (Figure 26.7). This dramatic increase in splenic mass
(up to 20–30 times normal) can lead to a substantial increase
in splenic blood flow which, in the most severe cases, can lead
to portal hypertension with oesophageal varices and ascites.
Painful and painless splenic infarcts are common sequelae of
splenomegaly in PMF.

Extramedullary haemopoiesis
The spleen is the commonest site of extramedullary
haemopoiesis in PMF. The liver is also usually involved
and this can lead to significant hepatomegaly. Unusual sites
can sometimes be affected, leading to haemopoietic tumours
surrounded by a capsule of connective tissue. Such sites include
lymph nodes, central nervous system, skin, pericardium,
peritoneum, pleura, ovaries, kidneys, adrenals, gastrointestinal
tract and lungs. Many such cases remain asymptomatic, but
involvement of the central nervous system can be a cause of seri-
ous morbidity. Treatment with radiotherapy or surgery, when
required, almost always leads to resolution of these masses.

Systemic symptoms
A hypermetabolic state presenting with fevers, anorexia, weight
loss and night sweats develops inmany cases of PMF, sometimes
early on in the disease. The presence of such symptoms is asso-
ciated with a poor prognosis.
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Anaemia
Mild to moderate anaemia is found in most patients at presen-
tation and worsens as myelofibrosis progresses. The anaemia is
in large part due to reduced erythropoiesis, but may be com-
pounded by hypersplenism, bleeding and iron or folate defi-
ciency. Acquired HbH disease is a rare complication.

Platelet abnormalities
Platelet counts are raised in up to one-half of the cases at pre-
sentation and can be associated with thrombotic complications.
However, progressive thrombocytopenia is a frequent occur-
rence and becomes increasingly troublesome as the disease pro-
gresses. Dysmegakaryopoiesis and abnormal platelet function
further add to the risk of haemorrhagic complications.

White cells and leukaemic transformation
The presence of immature myeloid as well as erythroid progeni-
tors is a characteristic feature of PMF (Figure 26.8). Neutrophilia
is common, as are modest elevations in basophil and eosinophil
counts. As the disease progresses, leucopenia increases in fre-
quency and is believed to be secondary to progressive hyper-
splenism, dysmyelopoiesis and progressive replacement of the
bone marrow by fibrotic tissue. In end-stage PMF, myeloid pre-
cursors become increasingly common relative to mature cells,
as do circulating blasts. Transformation to AML, as defined by
the persistent presence of 20% blasts in blood or bone mar-
row occurs in 20–30% of cases of PMF and is usually rapidly
fatal.

Figure 26.8 Peripheral blood film in PMF, showing a blast, an
abnormal myelocyte, teardrop red cells and marked
anisopoikilocytosis.

Table 26.6 Diagnostic criteria for primary myelofibrosis.

JAK2-positive primary myelofibrosis
A1 Reticulin ≥grade 3 (on a 0–4 scale)
A2 Mutation in JAK2, MPL or CALR
B1 Palpable splenomegaly
B2 Otherwise unexplained anaemia (Hb <115 g/L for men;

<100 g/L for women)
B3 Tear-drop red cells on peripheral blood film
B4 Leucoerythroblastic blood film (presence of at least two

nucleated red cells or immature myeloid cells in
peripheral blood film)

B5 Systemic symptoms (drenching night sweats, weight loss
>10% over 6 months OR diffuse bone pain)

B6 Histological evidence of extramedullary haemopoiesis
Diagnosis requires A1 + A2 and any two B criteria

JAK2-negative primary myelofibrosis
A1 Reticulin ≥grade 3 (on a 0–4 scale)
A2 Absence of mutation in JAK2
A3 Absence of BCR–ABL fusion gene
B1 Palpable splenomegaly
B2 Otherwise unexplained anaemia (Hb <115 g/L for men;

<100 g/L for women)
B3 Tear-drop red cells on peripheral blood film
B4 Leucoerythroblastic blood film (presence of at least two

nucleated red cells or immature myeloid cells in
peripheral blood film)

B5 Systemic symptoms (drenching night sweats, weight loss
>10% over 6 months OR diffuse bone pain)

B6 Histological evidence of extramedullary haemopoiesis
Diagnosis requires A1 + A2 + A3 and any two B criteria

Investigations

Diagnostic criteria for PMF are shown in Table 26.6. Other
causes of bone marrow fibrosis are listed in Table 26.7.

Peripheral blood
The presence ofmyeloid and erythroid precursors in the periph-
eral blood (leucoerythroblastic blood picture) is common in
PMF (see Figure 26.8). Other causes of a leucoerythroblas-
tic blood film include bone marrow infiltration, severe sepsis,
severe haemolysis and a sick neonate. Teardrop poikilocytes
(dacryocytes), basophilic stippling, macrocytosis (which may or
may not be secondary to folate deficiency), giant platelets and
megakaryocyte fragments may also be present.

Bone marrow
Attempts at bone marrow aspiration often yield a dry-tap or
a haemodilute sample, making aspirate morphology of limited
diagnostic value. Sufficient material can often be obtained from
either bone marrow or peripheral blood to assess the kary-
otype, which can help exclude diagnoses such as CML. Other
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Table 26.7 Differential diagnosis of marrow fibrosis.

Haematological malignancies Drugs/toxins
Primary myelofibrosis Benzene
Chronic myeloid leukaemia Thorotrast
Acute myelofibrosis (AMLM7) Irradiation
Myelodysplasia Bone disease
Myeloma Paget’s disease
Hairy-cell leukaemia Osteopetrosis
Non-Hodgkin lymphoma Inflammatory diseases
Hyperparathyroidism Systemic sclerosis
Hodgkin disease Systemic lupus
Hypoparathyroidism Other
Systemic mastocytosis Grey plt syndrome

Metastatic carcinoma
Infections
Tuberculosis
Leishmaniasis

chromosomal abnormalities may be found in up to 60% of cases,
as detailed above. Abnormalities of chromosomes 5 and 7 are
usually found in patients with prior exposure to genotoxic agents
and are associated with a poor prognosis.
Bone marrow trephine biopsy is essential to make a diag-

nosis of PMF. Initial stages are characterized by an increase
in bone marrow cellularity in association with a disorganiza-
tion of marrow architecture and the presence of abnormal large
megakaryocytes often occurring in clusters (Figure 26.9). Bone
marrow fibrosis becomes increasingly dominant and progres-
sively replaces haemopoiesis. Intrasinusoidal haemopoiesis can
sometimes be seen at this stage (Figure 26.10). The degree of
fibrosis is best demonstrated using silver impregnation, which
stains reticulin fibres (see Figure 26.9). Collagen fibres are best
demonstrated using a trichrome stain. The degree of fibrosis can
be graded from 0 to 4 (Bauermeister) or MF-0 to 3 (EU con-
sensus) according to severity. In a minority of cases of advanced
PMF, osteosclerosis ensues, with thickening of the trabecula and
extensive deposition of osteoid. Such changes may be evident on
plain radiography and MRI imaging.

Treatment

The only curative treatment for PMF is allogeneic stem cell
transplantation, but this is only appropriate for a small propor-
tion of patients. In the remaining cases therapy remains sup-
portive and aimed at alleviating symptoms, but has little impact
on the relatively poor survival of PMF patients. For this rea-
son the development of therapeutic JAK2 inhibitors and other
novel agents was most eagerly awaited for these patients, rather
than those with PV or ET, who have a much better progno-
sis. In recent years, JAK inhibitors, specifically ruxolitinib, have
radically altered the therapeutic algorithm for the management
of PMF.

(a)

(b)

Figure 26.9 Bone marrow trephine sections from a patient with
early-stage PMF. The H&E stain (a) shows hypercellularity,
disorganized architecture, increase in megakaryocyte numbers and
prominent sinusoids. The silver stain (b) also shows a marked
increase in reticulin fibres.

Conventional allogeneic stem cell transplantation, usually a
reduced-intensity conditioning is only a realistic option in young
patients who represent perhaps 10% of all cases. The decision to
proceed to transplantation should always be made in light of the
patient’s specific prognosis, age and general fitness. Only small
series have been reported and the long-term survival of patients
≤45 years is approximately 50%, with a 30% transplant-related
mortality. For patients ≥45 years, outcomes are much worse,
with long-term survival of 10–20%. The utility of JAK1/2 inhibi-
tion specifically with ruxolitinib has radically altered the treat-
ment landscape for PMF; as evaluated in the Phase III COM-
FORT trials, this agent delivers benefit in control of symptoms
and splenomegaly, as well as improving survival for patients
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Figure 26.10 Bone marrow trephine section in PMF (H&E). Note
the presence of two dilated sinusoids (arrows) containing
immature haemopoietic cells, including megakaryocytes.

with intermediate-risk-2 and high-risk PMF, regardless of their
JAK mutation status. These studies led to its approval. As antic-
ipated given its mode of action, ruxolitinib causes anaemia (a
predictable fall in haemoglobin levels by 10%, peaking at 12–16
weeks and gradually resolving thereafter) and thrombocytope-
nia (fall in platelet levels by 40%). Both anaemia and thrombo-
cytopenia can be attenuated by dose-modification and may be
moderated by addition of agents such as Epo and androgens.
Two other important adverse effects of ruxolitinib merit atten-
tion: rebound of symptoms and splenomegaly after withdrawal,
which therefore should be managed carefully, and the increased
risk of both herpes virus re-activation and opportunistic infec-
tions. Given the beneficial effect of ruxolitinib upon survival
and generally excellent tolerability, attention has focused sub-
sequently upon its potential use in several other settings: ear-
lier stages of disease, data is available for intermediate-1-risk
patients, but for low-risk patients data is limited; to improve the
outcome of allogeneic transplant and, in combination with other
agents such as histone deacetylase inhibitors, to improve disease
response. Other JAK inhibitors are under development, but sev-
eral have been associated with neurological toxicity, raising the
possibility that JAK-responsive targets cause this toxicity and
urging careful evaluation of this class of drug.
Anaemia responds to treatment with androgens in up to one-

third of cases, with the best responses seen in patients without
massive splenomegaly and with a normal karyotype. The drugs
most commonly used are oxymethalone (50–150 mg daily) and
danazol (400–600 mg daily). Both of these can have virilizing
effects and can lead to abnormal liver function. Patients with
a reduced red cell survival may respond to treatment with cor-
ticosteroids. Human recombinant erythropoietin has recently
shown promise in small clinical studies of anaemia in PMF,

usually where endogenous Epo levels are below 125 IU. Splenec-
tomy may also have a residual role for transfusion-dependent
anaemia (see below). Despite these treatments, most patients
become transfusion dependent eventually.
The antiangiogenic drug thalidomide has been reported

to improve anaemia, thrombocytopenia or splenomegaly in
approximately one-third of the patients, but these changes are
clinically significant only in a small proportion (20%). Thalido-
mide is poorly tolerated at conventional doses (>100 mg per
day) with more than one-half of the patients being unable to tol-
erate it beyond 3 months. Furthermore, thalidomide increases
the risk of extreme thrombocytosis and probably that of venous
thrombosis, and needs special precautions for use in view of its
extreme teratogenicity. Trials of lower doses of the drug alone
or in combination with prednisolone suggest that such doses are
better tolerated and may be similarly efficacious. Pomalidomide
has also been reported to be successful in the management of
anaemia in PMF, but unfortunately a Phase III study (RESUME)
reported negative findings; further studies are underway. Leno-
lidomide has been evaluated in MF, but is generally recom-
mended for the rare patients who haveMF and a 5q– cytogenetic
abnormality.
Cytoreductive therapy can be useful in the management of

some aspects of PMF, such as hepatosplenomegaly, constitu-
tional symptoms and troublesome thrombocytosis. Hydroxycar-
bamide is the most widely used agent, but anagrelide has also
been used for thrombocytosis. The utility of these agents, as
evaluated in the COMFORT studies, is extremely limited in the
majority of cases and efficacy was comparable to that of placebo
for symptom and spleen control, as well as impact upon sur-
vival. Interferon may be of utility in early stages of this disease
and has occasionally been reported to be associated with fibrosis
reversal.
The indications for splenectomy include splenic pain, con-

stitutional symptoms, portal hypertension and transfusion-
dependent anaemia. In contrast, there is no good evidence
that thrombocytopenia responds to splenectomy. The proce-
dure has significant mortality (around 10%) and morbidity,
particularly in elderly patients. Problems include periopera-
tive bleeding, infection and thrombosis, as well as rebound
thrombocytosis and progressive hepatomegaly. It is particularly
important to correct any coagulation abnormalities prior to
surgery.
Splenic irradiation is an alternative to splenectomy in some

cases and it can significantly reduce splenic size, albeit tran-
siently. This procedure is not without complications, as it can
lead to life-threatening cytopenias. Radiotherapy can also be
useful for treating pockets of extramedullary haemopoiesis
involving vital organs or bodily cavities. With the increasing
use of JAK inhibitors, indications for splenectomy and splenic
irradiation are likely to reduce in the future, except as a last
resort. Ruxolitinib has also been shown to be effective for treat-
ing extramedullary haemopoiesis outside the spleen and liver.

489



Postgraduate Haematology

Table 26.8 Risk stratification for PMF patients.

IPSS prognostic score

Prognostic variable 0 1

Age in years ≤65 >65
WBC count × 109/L ≤25 >25
Haemoglobin g/L <100
Peripheral blast % <1 >1
Constitutional symptoms No Yes

Risk assignment: Low = 0; Intermediate 1 = 1; Intermediate 2 = 2; High = 3+
Median survivals are 135, 95, 48 and 27 months, respectively

DIPSS prognostic score

0 1 2

Age in years ≤65 >65
WBC count × 109/L ≤25 >25
Haemoglobin g/L <100
Peripheral blast % <1 >1
Constitutional symptoms No Yes

Risk assignment: Low = 0; Intermediate 1 = 1 or 2; Intermediate 2 = 3 or 4; High = 5 or 6
Median survival: not reached, 14.2, 4, and 1.5 years, respectively

DIPSS plus prognostic score

Points from DIPSS 0 1 2 3

DIPSS prognostic group points Low risk
0

Intermediate 1 risk
1

Intermediate 2 risk
2

High risk
3

To the DIPSS prognostic group add one point each for:
Platelet count × 109/L <100
Red cell transfusion required No Yes
Unfavourable karyotype∗ No Yes

Risk assignment number of points: Low = 0; Intermediate 1 = 1; Intermediate 2 = 2 or 3; High = 4 to 6
Corresponding median survival estimates: 185, 78, 35 and 16 months

∗Unfavourable karyotype includes +8, –7/7q–, i(17q), inv(3), –5/5q–, 12p–. 11q23 rearrangements and complex karyotypes.

Prognosis

The median survival is 3–5 years, but the range is very wide;
ruxolitinib and improvements in general care have improved
this in recent years. The most widely used algorithms to deter-
mine prognosis are shown in Table 26.8 and are the Interna-
tional Prognostic Score System (IPSS) and Dynamic (D)IPSS
or DIPSS-plus. Increasingly molecular markers are having an
impact upon prognosis, but these are not yet included in stan-
dard prognostic scores; current evidence suggests that patients
with CALR mutations may have fewer thrombotic events, but
more myelofibrotic transformation, while those patients having

any one of the following mutations appear to have an overall
worse prognosis – ASXL-1, EZH2, IDH1/2, and SRSF2.

Mastocytosis

Mastocytosis comprises a rare group of disorders characterized
by a pathological increase in mast cells in tissues, including the
skin, bone marrow, liver, spleen, lymph nodes and gastrointesti-
nal tract. Mastocytosis can be an isolated finding or can form
part of other haematological disorders, including myelodysplas-
tic syndromes, myeloproliferative neoplasms or AML. Some
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Table 26.9 Classification of mastocytosis.

Cutaneous Mastocytosis (CM)
� Maculopapular cutaneous mastocytosis (formerly: urticaria
pigmentosa)
� Diffuse cutaneous mastocytosis
� Mastocytoma

Systemic Mastocytosis (SM)
� Indolent systemic mastocytosis
◦ Isolated bone marrow mastocytosis
◦ Smouldering systemic mastocytosis

� Systemic mastocytosis with an associated clonal
hematological non-mast-cell-lineage disease
� Aggressive systemic mastocytosis
� Mast-cell leukaemia
� Mast-cell sarcoma
� Extracutaneous mastocytoma

(Source: Valent et al., 2001 [Leukemia Research 2001; 25: 603–25].
Adapted with permission of Elsevier.)

cases involve just the skin (cutaneous mastocytosis), whereas
others involve multiple tissues and are associated with systemic
symptoms (systemic mastocytosis). Paediatric mast-cell disease
is generally a reactive condition rather than a clonal myelopro-
liferative neoplasm, and will not be further discussed here. A
proposal for the classification of mast cell diseases was recently
put forward (Table 26.9).
The first case of urticaria pigmentosa (a form of cutaneous

mastocytosis) was described in 1869 by Nettleship, and systemic
disease due to increasedmast cells was first documented by Ellis
in 1949. The observation that stem cell factor (SCF) is an essen-
tial growth factor for mast-cell development has led to signifi-
cant advances in our understanding of this group of diseases.

Pathophysiology

After a search for abnormalities of SCF failed to identify any
pathological changes, researchers turned to c-Kit, the tyrosine
kinase receptor for SCF. A c-kit point mutation leading to a
single amino-acid substitution (Asp816Val) was thus identified.
This mutation leads to ligand-independent phosphorylation of
c-Kit and a consequent clonal expansion of mast cells.
Asp816Val was originally identified in cases of mastocytosis

with associated haematological disorders, but is now known to
be present in up to 90% of adults presenting with maculopapu-
lar cutaneous mastocytosis (formerly urticaria pigmentosa) or
indolent systemic mastocytosis. More recently, other activating
mutations affecting the same codon have been identified in a
minority of adult cases of cutaneous mastocytosis (Asp816Tyr,
Asp816Phe). A different mutation has been reported in a small
number of cases of paediatric mastocytosis, namely Lys839Glu,

Figure 26.11 Urticaria pigmentosa in a 55-year-old woman. Note
the widespread pink or brownish macules that become confluent
in areas.

which surprisingly gives rise to a dominant-negative (inactivat-
ing) form of c-Kit; the significance of this observation remains
unresolved.
Recent reports have suggested that in some cases of masto-

cytosis the c-kit mutation is found in other haemopoietic cells
such as B cells, myeloid cells and T cells. These results suggest
that mastocytosis, as with the classical MPNs, may be a clonal
disorder of the haemopoietic stem cell.

Clinical features

Cutaneous manifestations
Maculopapular cutaneous mastocytosis is the usual present-
ing feature in children and adults with isolated mastocytosis.
Yellowish-brown lesions, usually macular and sometimes papu-
lar, appear in a patchy distribution. Less commonly, there is
diffuse involvement of the skin, which becomes thickened and
darker brown (Figure 26.11). Pruritus is common, as is flushing,
and some cases develop haemorrhagic bullous disease. Wealing
of lesions upon rubbing is known as Darier’s sign.

Systemic disease
Systemicmanifestations are very heterogeneous and are thought
to be largely secondary tomast-cellmediator release. Episodes of
flushing, angioedema or even anaphylaxis, with or without any
specific trigger, can arise as a result of systemic histamine release.
Gastrointestinal symptoms include abdominal pain, diarrhoea,
nausea and vomiting. Gastritis and peptic ulceration may occur
secondary to hyperhistaminaemia and severe cases may develop
malabsorption. Osteoporosis is well recognized and can some-
times lead to pathological fractures. Peripheral blood cytopenias
may arise secondary to mast-cell infiltration of the bone mar-
row. Hepatosplenomegaly is more common in cases associated
with another clonal haematological disorder. Fever, fatigue and
weight loss can sometimes ensue andmay result from the release
of cytokines such as tumour necrosis factor-α (TNF-α) and IL-1.
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Table 26.10 Criteria for the diagnosis of systemic mast-cell
disease.

Major
� Multifocal dense infiltrates of mast cells in bone marrow
and/or other extracutaneous tissues

Minor
� More than 25% of mast cells on bone marrow smears or
tissue biopsies are atypical or spindle-shaped
� Identification of a codon 816 c-kit point mutation in blood,
bone marrow or lesional skin
� Mast cells in bone marrow, blood or other lesional tissues
expressing CD25 or CD2
� Baseline total serum tryptase greater than 20 ng/mL

Major and one minor, OR three or more minor criteria
needed for diagnosis

(Source: Valent et al., 2001 [Leukemia Research 2001; 25: 603–25].
Adapted with permission of Elsevier.)

Symptoms of organ failure due to infiltration are characteristic
of aggressive systemic mastocytosis. Depending on the organs
involved, cytopenias, pathological fractures, impaired liver func-
tion, ascites andmalabsorption can all be seen.Mastocytosis can
present in association with a clonal haematological disease (e.g.
MDS or other MPN); it is important to be aware of dual pathol-
ogy in these circumstances.

Investigations

Clinical features of mastocytosis can be highly suggestive of
the disease, but diagnosis usually requires histological and bio-
chemical confirmation. An algorithm has been proposed for
the diagnosis of systemic mast-cell disease and is shown in
Table 26.10.
Routine investigations should include a full blood count, liver

function tests, bone profile and a random serum tryptase. Tests
for histamine metabolites in 24-h urine specimens are probably
no more useful than measurements of serum tryptase. Plasma
levels of soluble CD25 and CD117 (kit) have shown promise
as novel markers of mast-cell disease, but the most widely used
marker remains serum tryptase, though it is important to under-
stand this will be falsely elevated in the time immediately sur-
rounding a major allergic episode.
Bone marrow aspiration and trephine biopsy allow assess-

ment of bone marrow involvement. Mast-cell aggregates can be
visualized on conventional haematoxylin and eosin-stained sec-
tions (Figure 26.12), but stand outmuchmore clearly with stains
such as toluidine blue (Figure 26.13). Immunochemistry using
antitryptase antibodies can also be very useful, being highly spe-
cific for mast cells, and CD2, CD25, CD30 are important tools.
Flow cytometry to look for expression of CD2 andCD25 in bone

marrow mast cells may be useful, as this phenotype is not seen
in normal mast cells.
Abdominal ultrasound or computerized tomography should

be performed to look for hepatosplenomegaly and lymph-
adenopathy. Plain radiography and bone densitometry can be
used to look for bone involvement and osteoporosis. Endoscopy
and biopsy can be useful if gut involvement is suspected.

Treatment

Despite significant advances in the understanding of its patho-
physiology, no curative treatment exists for mastocytosis, the
management of which remains symptomatic.
There are four main components to the management of

mastocytosis:
1 Avoidance of factors that can trigger mediator release from
mast cells
2 Treatment of acute mediator release
3 Treatment of chronic mediator release
4 Reduction of the mast cell burden/organ infiltration.
Avoidance of triggers of mast-cell mediator release is pri-

marily an exercise in patient education. Severe reactions due to
systemic mast-cell mediator release are difficult to predict in
patients with mastocytosis and do not correlate well with dis-
ease category, mast-cell burden or severity of other symptoms.
All patients and relevant healthcare workers should be warned
of particular triggers, including general anaesthesia, contrast
radiography and insect stings. Known mast-cell activators such
as morphine and dextran should only be introduced with great
caution. Patients, regardless of whether they have had previous
anaphylaxis or not, should carry injectable adrenaline and they,
their family and friends should be instructed in its intramuscular
administration. Local mediator release in cutaneous mastocyto-
sis can be moderated by avoidance of triggering factors such as
friction and heat.
Acute systemic mast-cell mediator release should be treated

in much the same way as other forms of anaphylaxis. Treatment
with adrenaline and intravenous fluids should be started as soon
as possible, with early involvement of intensive care specialists
in severe cases. Antihistamines (H1 and H2 blockers) should be
introduced and continued long term if the episode was particu-
larly severe or recurrent.
Symptoms of chronic mediator release are the commonest

clinical problem in mastocytosis. Symptomatic cutaneous dis-
ease should be managed with the help of a dermatologist. Treat-
ments include H1 and H2 blockers, topical corticosteroids and
PUVA for severe disease. Non-life-threatening systemic symp-
toms such as flushing, abdominal pain and diarrhoea should
be treated with H1 and H2 blockers, sodium cromoglycate and
corticosteroids. Inhibitors of prostaglandin synthesis, such as
aspirin and non-steroidal anti-inflammatory drugs, can also be
useful. Aspirin should always be started with caution as it can
initially lead to acute mediator release. Such drugs can be used

492



Chapter 26 Myeloproliferative neoplasms

Figure 26.12 Systemic mastocytosis involving the bone marrow (H&E). Malignant whorls of rounded and spindle-shaped mast cells are
seen infiltrating the bone marrow in a paratrabecular distribution (circle). Expression of CD2, CD25 and mast cell tryptase is seen
(Source: Dr Deepti Radia. Reproduced with permission.).

prophylactically if symptoms recur frequently. Gastrointestinal
disease usually responds to the drugs used to treat chronic sys-
temic symptoms. Mast-cell stabilizers such as sodium chromo-
glycate anecdotally help with abdominal cramps and diarrhoea.
Leucotriene antagonists may also be useful. Peptic ulcer and
reflux disease should be treated with proton pump inhibitors.
Osteoporosis should be treated with bisphosphonates and may
be prevented with bisphosphonates or calcium and vitamin D
supplementation. Bone density should be recorded and moni-
tored according to the severity of osteoporosis. Radiotherapy can
help with severe localized pain.
For patients in whom adequate symptomatic control cannot

be achieved, and for those with aggressive mastocytosis, IFN-α,
usually given in combinationwith oral corticosteroids, should be
considered. Splenectomy may help reduce the mast-cell burden
and associated systemic symptoms. Cladribine has been found
effective in isolated cases of aggressive systemic mastocytosis.
Treatment with chemotherapy is usually reserved for cases

of progressive aggressive mastocytosis, mast-cell leukaemia and
mast-cell sarcoma, and those with refractory mastocytosis and
excessive symptoms, but published data are not encouraging.
Mast cell sarcoma may also respond to local radiotherapy when

appropriate. Allogeneic bone marrow transplantation should
also be considered. Treatment of any associated haematological
disorder should be undertaken as appropriate for that disorder
and the overall prognosis is usually that of the latter.

Future treatments

Treatments that target the mutant c-kit tyrosine kinase have
attracted a lot of interest recently. Midostaurin is one such agent
and has shown promising interim results in aggressive systemic
mastocytosis or mast-cell leukaema; final results of a Phase II
international study are pending. Imatinib was known to inhibit
wild-type c-kit in in vitro studies and be active against juxta-
membrane mutants of c-kit found in gastrointestinal stromal
tumours. By contrast, the drug does not have the same effect
on malignant mast cells carrying codon 816 mutations, proba-
bly because the mutant c-kit does not allow access of imatinib
to the site, hence conferring resistance to this drug in a sim-
ilar way to acquired imatinib resistance in CML. In keeping
with this, there have been early reports of its lack of efficacy in
the presence of codon 816 mutations. A recent report showing
that imatinib was effective in patients with mastocytosis with
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(a)

(b)

Figure 26.13 Toluidine blue stain of bone marrow aspirate (a) and
trephine biopsy section (b) in systemic mastocytosis. Abnormal
spindle-shaped mast cells containing metachromatic granules are
seen.

associated eosinophilia, but without demonstrable KIT muta-
tions this awaits confirmation, particularly as these cases may
represent variants of chronic eosinophilic leukaemia (CEL). It
is particularly important to exclude the PDGFRA, B and FGF
rearrangements in this clinical scenario, as the diseases asso-
ciated with these lesions are often sensitive to imatinib. Novel
tyrosine kinase inhibitors and other agents, which can inhibit
the Asp816Val mutant KIT in vitro, are under investigation at
present.

Prognosis

Age and disease category are the most important determinants
of outcome. The most benign syndrome is paediatric mastocy-
toma, which disappears with time in over 50% of cases. Paedi-
atric urticaria pigmentosa also has a good prognosis and resolves
in about one-half of the cases.
In adult mastocytosis, urticaria pigmentosa is usually associ-

atedwithmast-cell deposits in themarrow or other tissues,mak-
ing this a systemic syndrome. Indolent systemic mastocytosis
carries a favourable prognosis and usually persists as a chronic
low-grade disorder, although it rarely progresses to aggressive
mastocytosis or mastocytosis associated with another haemato-
logical malignancy. Aggressive systemic mastocytosis can show
a slowly progressive or a rapid clinical course, but its overall
prognosis has not been well defined in clinical studies. Mast-cell
leukaemia is rare, but has a grave prognosis with a median sur-
vival of less than 6 months.

Clonal hypereosinophilic syndromes

The term hypereosinophilic syndrome (HES) was coined by
Hardy and Anderson in 1968, who gave it the definition that is
still in use to date. Recently, major progress has been made in
elucidating the molecular pathogenesis of clonal eosinophilia as
described below and see also Chapter 14.

Pathophysiology

Eosinophilia can be divided into three categories: reactive, idio-
pathic and clonal (Table 26.11). Reactive eosinophilia, which is
by far the most common is discussed in Chapter 14. Idiopathic
eosinophilias are those in which the cause is obscure. Within
this category, HES describes patients with an unexplained ele-
vation of peripheral blood eosinophils (>1.5 × 109/L) for more
than 6 months associated with end-organ damage (see Chap-
ter 14). Many of these are probably cases of chronic eosinophilic
leukaemia for which the molecular defect has not been
identified.
Clonal eosinophilias are those in which the eosinophilia is

part of a clonal haematological malignancy. CEL is defined as
an eosinophil count >1.5 × 109/L, with evidence of eosinophil
clonality or an increased blast account in blood or bone mar-
row. The distinction between this entity and HES is blurred, as
it relies on the availability of a clonal marker. Indeed it has been
shown recently that 25–50% of cases labelled as HES in fact have
a microdeletion on chromosome 4, which results in the fusion
of the FIP1L1 and PDGFRA genes and the generation of a con-
stitutively active tyrosine kinase. Importantly, patients carrying
this fusion respondwell to the tyrosine kinase inhibitor imatinib.
Some patients with HES that do not carry this fusion gene also
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Table 26.11 Causes of eosinophilia.

Reactive eosinophilia
Infections Parasitic

Others (rarely)

Vasculitides Polyarteritis nodosa
Churg–Strauss syndrome

Connective tissue
disorders

Rheumatoid arthritis
Systemic sclerosis
Systemic lupus erythematosus

Allergic and
inflammatory
disorders

Asthma
Eczema
Bullous skin diseases
Inflammatory bowel disease

Drug reactions Hypersensitivity
L-Tryptophan

Immunodeficiencies Wiskott–Aldrich syndrome
Job’s syndrome (hyper-IgE)

Neoplasia Hodgkin disease
Non-Hodgkin lymphoma
Peripheral blood T-cell clones
Some ALL
Non-haematological cancers (rare)

Clonal eosinophilia
Chronic eosinophilic
leukaemia

Atypical chronic myeloid leukaemia
(PDGFRA fusions)

8p11 Myeloproliferative syndrome
(FGFR1 fusions)

Chronic myeloid leukaemia
(BCR–ABL fusion)

Acute myeloid leukaemia, e.g.
carrying inv(16)

Acute lymphoblastic leukaemia
(occasionally)

Idiopathic eosinophilia

Hypereosinophilic syndrome

respond to imatinib, suggesting that in such cases other tyrosine
kinases may be dysregulated.
In addition to CEL, a number of other haematological malig-

nancies may be associated with increased numbers of clonal
eosinophils, and in many cases, this reflects tyrosine kinase
dysregulation. PDGFRA rearrangements (e.g. TEL–PDGFRB)
may present as chronic myelomonocytic leukaemia (CMML)
or atypical CML. The 8p11 myeloproliferative syndrome (EMS)
is associated with rearrangements in the FGFR1 gene (e.g.
ZNF198–FGFR1) and leads to a chronicmyeloproliferative neo-
plasm that frequently presents with eosinophilia and associated
T-cell lymphoblastic lymphoma. CML, a consequence of the
BCR–ABL tyrosine kinase fusion protein, may also be associ-
ated with clonal eosinophilia.

Eosinophilia as part of the malignant clone also occurs in
patients with AML associated with inversion of chromosome 16
and the SMMHC–CBFB rearrangement. It has been reported
that rare cases of acute lymphoblastic leukaemia (ALL) may
be associated with clonal eosinophilia, but in this disease the
eosinophilia is more usually secondary to growth-factor release.
Growth-factor release is also believed to underlie the reactive
eosinophilia seen in Hodgkin disease and in cases with clonal
T cells in the peripheral blood.
Sustained hypereosinophilia can lead to symptomatology and

end-organ damage, regardless of its aetiology, but does not
always do so. The reasons for this are unclear, but may lie in the
heterogeneity of eosinophilia and genetic differences between
individuals that affect the propensity of eosinophils and other
granulocytes to inflict tissue damage.

Clinical features (see also Chapter 14)

Much of the tissue damage in eosinophilia is believed to be
secondary to eosinophil degranulation and release of mediators
such as eosinophil cationic protein and major basic protein.
Eosinophil mediators act mainly locally in tissues infiltrated
by eosinophils to cause tissue damage. The recent finding
that a raised serum tryptase in a subset of cases with clonal
eosinophilia hints at a role for other cells (mast cells) in some
cases.
Patients can present with constitutional symptoms such as

fatigue, muscle aches or fevers. Pruritus, angioedema, diarrhoea
and cough may also be present. Many tissues can be involved,
but cardiac disease is the major cause of mortality. The heart can
be affected by endomyocardial fibrosis, pericarditis, myocardi-
tis and intramural thrombus formation. Death is usually due to
dilated cardiomyopathy.
Involvement of the central and peripheral nervous systems

can result in mononeuritis multiplex, paraparesis, encephalopa-
thy and even dementia. Pulmonary involvement can take the
form of pulmonary infiltrates, fibrosis or pleural disease with
effusions. Gastrointestinal involvement can manifest as diar-
rhoea, gastritis, colitis, hepatitis or the Budd–Chiari syndrome.
The skin can be affected by pruritus, angioedema, papules or
plaques. Rarely, other tissues such as the kidneys and bones can
be involved.

Investigations

There are two aims in the investigation of eosinophilia: one is to
establish its aetiology and the other to look for evidence of end-
organ damage. As regards the former, given the diverse nature
of the aetiologies of eosinophilia, a full history, including fam-
ily history, drug history and travel history, can provide valuable
clues. Investigations will usually aim to exclude reactive causes
and will be guided by the clinical picture.

495



Postgraduate Haematology

Figure 26.14 Cardiac magnetic resonance imaging scan in a
65-year-old man with HES, showing a rim of subendocardial
fibrosis (arrow).

Bonemarrow aspiration will reveal morphological abnormal-
ities associated with haematological malignancies and allows
cytogenetic analysis. It is also important to look for clonal T-cell
receptor (TCR) gene rearrangements, the FIPIL1–PDGFRA
and BCR–ABL fusion genes, as well as rearrangements of the
PDGFRB and FGFR1 genes. It has been reported that serum
tryptase is raised in patients with the FIPIL1–PDGFRA fusion.
Investigations to assess end-organ damage will depend on

the clinical presentation. However, echocardiography should be
performed and repeated annually in patients with sustained
eosinophilia, particularly as cardiac disease correlates poorly
with the eosinophil count. If there is strong clinical suspicion of
cardiac damage then cardiacmagnetic resonance imaging (MRI)
can be useful, as this is more sensitive in detecting early disease
(Figure 26.14). If there is doubt as to the aetiology of cardiac
disease, endomyocardial biopsy may demonstrate eosinophil
infiltration. Serial monitoring of pulmonary function may be
required if there is evidence of lung involvement.

Treatment

Treatment should be used to halt or reverse organ damage.
Eosinophilia without evidence of end-organ damage does
not usually require treatment. When underlying clonal or
non-clonal disorders are identified they should be treated
appropriately.
Patients with rearrangements of the PDGFRA or PDGFRB

genes respondwell to imatinib, with normalization of eosinophil
counts within weeks. A trial of imatinib is also reasonable in
patients with HES who lack a clonal marker, as a proportion of
these patients also respond.

For patients who do not respond to imatinib, prednisolone
is the initial treatment of choice. Steroids reduce blood
eosinophilia and the inflammation resulting from tissue infiltra-
tion. Cardiac disease may respond, even in the absence of a sig-
nificant reduction in the eosinophil count. Hydroxycarbamide
and IFN-αmay benefit patients resistant to steroids. Cladribine
and ciclosporin were also found to be of use in some cases.

Prognosis

The reported prognoses of CEL and HES are highly variable,
with estimates of 3-year survival ranging from 23% to 96%.
This is likely to reflect heterogeneity within these two cate-
gories of patients. In patients with HES, indicators of a poor
prognosis include lack of response to steroids, a markedly ele-
vated eosinophil count, normal IgE levels, splenomegaly, dys-
plastic features and male sex. Many of these adverse prognos-
tic indicators may simply be markers of clonal (versus reactive)
eosinophilia.

Chronic neutrophilic leukaemia

Chronic neutrophilia is a very common entity, and is usually sec-
ondary to chronic infections, chronic inflammation or malig-
nancy. A very small subgroup of patients with chronic neu-
trophilia have chronic neutrophilic leukaemia (CNL), a clonal
haematological disorder (Figure 26.15). Given the absence of a
specific marker for this disease, CNL, like ET, is a diagnosis of
exclusion (see also Chapter 24).
The first description of CNL was probably that by Tuohy in

1920. In the ensuing 75 years, a total of less than 200 cases have
been reported in the literature, mostly as isolated case reports.
This rarity has hampered progress in the understanding of its
pathogenesis.

Figure 26.15 Abundance of mature neutrophils and band forms in
a blood film from a patient with chronic neutrophilic leukaemia.
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Pathophysiology

Isolated mild to moderate neutrophilia is commonly seen in
many clinical contexts associated with inflammation, rang-
ing from infections to tissue trauma/infarction, haemorrhage,
arthritis, inflammatory bowel disease and many other ailments.
Additionally, it can be seen in smokers, after vigorous exercise
and in patients taking corticosteroids. In these contexts, the aeti-
ology is usually apparent and such cases are rarely referred to a
haematologist.
Marked chronic neutrophilia (neutrophils >20 × 109/L) is

usually secondary to a chronic infection or an underlyingmalig-
nancy. Neutrophilia is particularly common in metastatic can-
cer but can predate overt malignancy by months or years.
Such leukaemoid reactions are thought to reflect the release
of cytokines such as granulocyte colony-stimulating factor
(G-CSF) and granulocyte–macrophage colony-stimulating fac-
tor (GM-CSF) from tumour cells.
Neutrophilia is clonal in a small number of cases, which can be

subdivided into three main groups: ‘true’ CNL, atypical chronic
myeloid leukaemia and neutrophilic chronic myeloid leukaemia
(N-CML). The two groups are only distinguishable by the pres-
ence in the latter of a rare type of BCR–ABL1 rearrangement
that produces a 230-kDa fusion protein (p230). In addition, rare
patients with a myelodysplastic syndrome can closely mimic
CNL, but exhibit dysplastic features and there are anecdotal
reports of PV evolving into a disorder indistinguishable from
CNL. The literature also includes reports of what was thought
to be clonal chronic neutrophilia in association with plasma cell
dyscrasias. However, data are accumulating that this type of neu-
trophilia is non-clonal and probably a result of cytokine release
from clonal plasma cells.
Diagnostic features of CNL are shown in Table 26.12.

Clinical features and treatment

A review of the literature identified only 33 cases that fulfilled
criteria for CNL. These cases exhibited a 2:1 male:female ratio
and a median age at diagnosis of 62.5 years (range 15–86 years).
The median survival was 30 months, with only 28% of cases
surviving to 5 years. Transformation to AML ensued in 21%
(7 out of 33) and this was invariably lethal. Other causes of death
included sepsis and haemorrhage.
Haemoglobin was normal and platelet counts above 100 ×

109/L in most cases. The mean leucocyte count at diagnosis
was 54.3 × 109/L with mature and band forms in the peripheral
blood. Vitamin B12 levels were raised and neutrophil alkaline
phosphatase (NAP) levels were not low inmost cases. Hyperuri-
caemia and gout were common. The spleen may be moderately
enlarged. Bone marrow biopsies were markedly hypercellular
and showed a marked granulocytic proliferation, as did the
bone marrow aspirates. Cytogenetic abnormalities were seen in
about a third, with deletion of del(20q), del(11q), del(12p), +8,

Table 26.12 Diagnostic features of chronic neutrophilic leukaemia.

� Peripheral blood leucocytosis >25 × 109/L
� Segmented neutrophils and bands >80% of white blood cells
� Immature granulocytes <10% of white blood cells
� Myeloblasts <1% of white blood cells
� Hypercellular bone marrow biopsy
� Neutrophilic granulocytes increased in percentage and
number
� Myeloblasts <5% of nucleated marrow cells
� Normal neutrophil maturation pattern
� Hepatosplenomegaly
� No identifiable cause of reactive neutrophilia
� No evidence of another haematological malignancy
� No Philadelphia chromosome or BCR–ABL fusion∗

� No evidence of another myeloproliferative disorder
(i.e. normal PCV, platelets <600, no bone marrow fibrosis or
other features of PMF)
� No evidence of a myelodysplastic syndrome
(i.e. no dysplasia, monocytes <1 × 109/L)

∗Presence of CSF3R or SETBP1 not yet incorporated into diagnostic
criteria.
(Source: Valent et al., 2001 [Leukemia Research 2001; 25: 603–25].
Adapted with permission of Elsevier.)

+9, +21 being mentioned in WHO (2008) and being the only
recurrent abnormality identified thus far. In a small number of
cases, XCIP studies were used to demonstrate the clonal nature
of CNL in patients lacking a cytogenetic marker. More series
of different mutations in CSF3R and SETBP1 were reported in
patients with CNL, they are also seen in atypical chronicmyeloid
leukaemia.
The optimal treatment of CNL remains unclear. Oral cytore-

ductive agents such as hydroxyurea and busulfan can control
the neutrophil count, as can IFN. The only potentially cura-
tivemodality is allogeneic bonemarrow transplantation and this
option should be considered in younger patients. Some patients
with CNL who have the CSF3R and SETBP1 mutations have
been reported to respond to ruxolitinib.

Neutrophilic chronic myeloid leukaemia

This entity is probably even more rare than CNL, with only
a handful of documented cases in the literature. The reported
cases followed a more benign course than conventional CML,
with a lower white cell count, lower proportion of immature
granulocytes, milder anaemia, less marked splenomegaly and a
lower propensity to acute transformation. Given recent advances
in the treatment of BCR–ABL1-related diseases, it is important
to consider and exclude neutrophilic chronicmyeloid leukaemia
(N-CML) during the investigation of chronic neutrophilia.
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Transient abnormal myelopoiesis of
Down syndrome

Children born with Down syndrome show a 10–20-fold
increased risk of leukaemia, despite not showing an increased
incidence of other cancer types. One haematological disorder,
characteristically found only in neonates with Down syndrome,
is transient abnormal myelopoiesis (TAM), also known as tran-
sient myeloproliferative disorder or transient leukaemia.

Incidence, clinical features and treatment

About 10% of neonates with Down syndrome are thought to
develop TAM, although this may be underestimated since many
otherwise healthy babies with trisomy 21 do not routinely have
blood tests performed. Additional problems with recognition
arise from the fact that many normal neonates with Down syn-
drome showmild abnormalities of blood counts, including poly-
cythaemia and thrombocytopenia. About 25% of neonates with
TAMare asymptomatic, with the blood film showing sometimes
significantly elevated numbers of circulating immature myeloid
cells, including basophilic blasts, nucleated red cells, megakary-
ocyte fragments and thrombocytosis or thrombocytopenia. In
symptomatic babies, the clinical features are variable, but can
include neonatal jaundice, bleeding problems, respiratory dis-
tress and, rarely, liver failure.
The natural history of TAM is intriguing. In the majority of

babies, the disorder resolves spontaneously by 3 months of age,
without the need for treatment. Severely symptomatic infants,
especially those with respiratory or hepatic dysfunction, can be
treated very effectively with low-dose cytarabine chemotherapy.
About 20% of neonates with TAM will subsequently develop
acute megakaryoblastic leukaemia (AMKL) before the age of
4 years, although sometimes the leukaemia develops without
antecedent TAM.

Pathophysiology

The fact that TAM only occurs in neonates points to it being a
disorder of fetal haemopoiesis, and this presumably also explains
why it is self-limiting in most cases. Importantly, a prospec-
tive analysis of clinical findings, blood counts and smears, and
GATA1 mutation status in 200 neonates with Down’s syndrome
showed that all subjects had multiple blood count and smear
abnormalities. Surprisingly, 195 of 200 (97.5%) had circulat-
ing blasts. GATA1 mutations were detected in 8.5% of cases
(all with blasts >10%). Furthermore, low-abundance GATA1
mutant clones were detected by targeted next-generation rese-
quencing (NGS) in a further 20% of cases that were clinically
and haematologically unremarkable. The term ‘silent TAM’ for
neonates with Down syndrome and with GATA1 mutations
detectable only by NGS was suggested.

The characteristic association between TAMandAMKL indi-
cates that a multistep model of mutation is operative in this
clinical progression. TAM appears to be caused by a single
GATA1 mutation in the context of constitutive trisomy 21. Sub-
sequent AMKL evolves from a pre-existing TAM clone through
the acquisition of additional mutations, with major mutational
targets including multiple cohesin components (53%), CTCF
(20%), and EZH2, KANSL1 and other epigenetic regulators
(45%), as well as common signaling pathways, such as JAK
family kinases, MPL, SH2B3 (LNK) and multiple RAS pathway
genes (47%).
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Introduction

Chronic B-cell lymphoproliferative disorders include a num-
ber of entities arising from mature B lymphocytes and which
involve primarily the blood, bone marrow and lymphoid organs
such as the lymph nodes and spleen. A constant finding in all
these entities is the presence in peripheral blood of leukaemic
cells in various degrees. Some of these conditions could be con-
sidered as primary leukaemias. Others represent the leukaemic
phase of indolent non-Hodgkin lymphomas (NHL) (Table 27.1).
Important progress has been made in the management of these
disorders.

General aspects of diagnostic
methodology (see also Chapter 19)

Examination of the morphology of leukaemic cells in well-
prepared peripheral blood and bone marrow films is still the
first diagnostic procedure and cannot be replaced by any of the
newer, more modern diagnostic techniques. The second ele-
ment for the diagnosis of any type of lymphocytosis (defined
as a permanent, non-transient absolute blood lymphocyte count
>5 × 109L) is to determine the immunophenotype (B or
T) and whether the process is clonal or polyclonal by light-
chain restriction analysis. Once a monoclonal B-cell prolifer-
ation is established, the diagnosis can be further clarified by
using a panel of monoclonal antibodies and other markers
(Table 27.2).

When the absolute lymphocyte count is high (>5 ×
109/L) and the blood film and immunophenotype shows
unequivocal features of CLL, PLL or HCL, lymph node histol-
ogy is not required. If the diagnosis of NHL is a possibility it
is essential to obtain tissue for histology to classify the disease.
Bone marrow biopsies can confirm a diagnosis of CLL or NHL
and provide information about the mechanism of anaemia or
thrombocytopenia. For disorders with an enlarged spleen, such
as B-PLL and HCL, SMZL and some forms of MCL, spleen his-
tology may be of diagnostic value, in selected cases. Fluores-
cence in-situ hybridisation (FISH) analysis allows the assess-
ment of cytogenetic abnormalities on interphase cells. How-
ever, there is no specific genetic abnormality in CLL. FISH,
however, is important for excluding the two NHLs that have
characteristic abnormalities, MCL with t(11;14)(q13;q32) and
follicular lymphoma with t(14;18)(q32;q21). Next-generation
sequencing techniques are unfolding the molecular heterogene-
ity of B-cell chronic lymphoproliferative disorders, but are not
employed in routine diagnosis. Finally, whenever possible, bio-
logical material not used for diagnostic purposes should be pre-
served, which can be useful for both research purposes and
further studies of clinical interest for the patient.

Chronic lymphocytic leukaemia

Definition

Chronic lymphocytic leukaemia (CLL) is due to the relent-
less accumulation in bone marrow, peripheral blood, and
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Table 27.1 B-cell chronic lymphoproliferative disorders with
leukaemic expression.

Leukaemias
Chronic lymphocytic leukaemia
B-prolymphocytic leukaemia∗

Hairy-cell leukaemia

Lymphomas with leukaemic expression
Follicular lymphoma
Splenic marginal zone lymphoma
Mantle-cell lymphoma

Splenic lymphomas unidentified
Hairy-cell leukaemia variant∗∗

Diffuse red pulp splenic lymphoma∗∗

∗Corresponds in most cases to MCL
∗∗Overlapping with SMZL

lymphoid tissues of monoclonal B lymphocytes with a distinct
immunophenotype (i.e., SmIgweak, CD5+, CD19+, CD23+,
CD200+). CLL and small lymphocytic lymphoma (SLL) are con-
sidered to be the samemature B-cell neoplasm thatmainly differ
in the extent to which the tumor involves blood (CLL) or lym-
phoid tissue (SLL). Within the SLL/CLL spectrum, about 10%
of cases present as SLL and 90% as CLL. In many instances SLL
evolves to CLL over time. CLL is a heterogeneous disorder from
both the biological and clinical points of view. The median sur-
vival of patients with CLL is around 10 years, but the individual
prognosis is highly variable, ranging from a fewmonths to a nor-
mal lifespan. In spite of important progress in its therapy, CLL
remains incurable.

Epidemiology

CLL is the most frequent form of leukaemia in Western coun-
tries. In the United States the age-adjusted incidence rate is 4.2
cases per 100,000/year. The disease predominates in males (1.5–
2:1) and the median age of patients at diagnosis is around 70
years. The incidence of CLL dramatically increases with age,
reaching >20 cases per 100,000/year in individuals older than
70. In Europe, the incidence rate for all subtypes of leukaemia
is 7.2 per 100,000, of which 34% of cases are CLL, translat-
ing to approximately 12,500 new CLL cases per year. Each year,
CLL is responsible for approximately 6000 deaths across Europe.
A remarkable epidemiologic characteristic of CLL is its racial
diversity. While in Western countries CLL accounts for around
30% of all cases of adult leukaemia, in Asian countries (and also
in Asian-American people) and in the Far East (Japan) CLL is
an infrequent disease.

Genetic predisposition

The relative risk of developing CLL in patients’ relatives is three
to eight times higher than in the normal population The molec-
ular basis of familial CLL is currently being unravelled bymeans
of genome-wide association studies, including both families and
sporadic cases. Familial CLL often cosegregates with other B-
cell disorders, mainly NHL, suggesting that the predisposition
to CLL is mediated through pleiotropic genes.

Pathogenesis

The key feature in CLL pathogenesis is the progressive accu-
mulation of CD5-positive B cells because of a failure in
programmed cell death or apoptosis. Neoplastic CLL B cells
are antigen-experienced, expressing CD23, CD25, CD27, CD69

Table 27.2 Inmunophenotype and other markers in B-cell chronic lymphoproliferative disorders.

SmIg CD20 CD5 CD10 CD23 CD11C CD103 CD200 OTHERS

CLL −/+ −/+ + − + −/+ − + FMC7(–)
B-PLL + + −/+ −/+ −/+ − − − TP53, c-MYC mutations
HCL + + − − − + + + ANNEXIN A1(+), DBA44(+) (∗)

BRAF V600E mutation
LPL + + − − − − − Igc. (+), trisomy 4,MYD88 mutation,

CXCR4 mutation
SMZL + + −/+ − −/+ −/+ − + BCL-2(+); del(7q32)
MCL + + + − − − − − t(11;14)(q13;q32); CYCLIN D1(+);

Trisomy 3; SOX11(+), CD200(-)
FL + + − +/− −/+ − − − t(14;18); BCL-2(+), BCL6(+), CD43(-)

B-PLL, B- prolymphocytic leukaemia; CLL, chronic lymphocytic leukaemia(∗) immunohistochemistry; FL, follicular lymphoma; HCL, hairy-cell
leukaemia; LPL, lymphoplasmacytic lymphoma; MCL, mantle-cell lymphoma; SMZL, splenic marginal zone lymphoma.
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CD71, ROR1 and CD200. In half of cases the immunoglobulin
variable region heavy chain (IGHV) gene is mutated, but in the
rest is unmutated. The immunoglobulin gene repertoire in CLL
shows biased (non-random) VH usage compared to normal B
cells. This restricted VH usage is linked to the degree of somatic
hypermutation.
Approximately 20% of immunoglobulin subsets show simi-

lar (homologous) patterns of the complementarity-determining
region (CDR3) in both heavy and light chains, designated
‘stereotypes’. These aremore common in unmutated IGHV cases
and provide evidence for antigen selection in the pathogenesis of
CLL. Unmutated IGHV cases are associated with autoreactivity
and polyreactivity to certain molecules and have a more prolif-
erative pattern of disease, with a more aggressive clinical course.
There is no evidence that IGHV-mutated and IGHV-unmutated
CLL represent two distinct diseases, but rather two clinicobio-
logical forms of the same disorder.
Although most cells are in G0/1 phase, there is a fraction of

cells (0.1–1%) rapidly duplicating and renovating every day. The
resistance of these cells to apoptosis related to the upregulation
of the antiapoptotic proteins such as BCL2 andMCL1 anddown-
regulation of proapoptotic proteins such as BCLX. Microenvi-
ronment (a complex mixture of stromal cells, ‘nurse-like’ cells,
T-cells and macrophages) plays an essential role in protecting
CLL cells from death through a number of molecules. This is
demonstrated by the fact that in vitro CLL cells rapidly enter
into apoptosis unless they are cocultivated with stromal cells or
in a stromal-mimickingmilieu. The pathogenesis of CLL implies
therefore an intimate relationship of B cells, through the B-cell
antigen receptor (BCR), microenvironment and T cells. Normal
B cells have a phenomenal ability to proliferate in response to
antigens in that single B cells will proliferate to many millions in
a very short period of time to create the primary and secondary
immune response. CLL cells utilize BCR signalling to rapidly
proliferate. Furthermore, normal B cells that are self-reacting
are deleted or anergized to prevent autoimmunity. In CLL there
is evidence that many of the antigens to which the CLL cell is
responding are autoantigens. Finally, normal B cells have to be
deleted (apoptosed) when the antigen they are responding to has
been cleared with a very small proportion becoming long-lived
memory cells. All of these features are part of the biology of a
CLL cell, which is proliferative when given the correct signals, is
anergised, but may lead to autoimmunity and has dysfunctional
apoptotic mechanisms (ubiquitous expression of BCL-2). This
pattern of abnormalities leads to the accumulation of mature
CLL B cells.
Finally, all CLL cases are preceded by a subclinical phase

consisting of a high number of polyclonal B cells that would
be subsequently selected and expanded upon the influence of
some genetic events. This would give origin to a monoclonal
B-cell lymphocytosis (MBL)-like picture (see Diagnosis). Next,
accumulation of genetic alterations might cause transformation
of a small proportion of MBL clones to CLL. Genetic drivers of

this effect are the deletion of miR15 and miR16 in chromosome
13q14, trisomy 12 and MYD88 mutations. Over time, other
mutations appear, including those involving TP53, ATM,
NOTCH1 and SF3B1. Finally, in the most advanced cases
C-MYC and CDKN2A mutations can be also present. Through
a selection process, a minute clone harbouring these genetic
lesions can overcome other clones and become predominant.
Importantly these events may occur either spontaneously or,
and more frequently, are triggered by treatment.

Clinical features

Approximately, 80% of patients are diagnosed while asymp-
tomatic. In the rest of the patients, painless generalized periph-
eral lymphadenopathy (i.e. neck, axillae, inguinal) is frequent.
In contrast, mediastinal and retroperitoneal lymphadenopathy
are uncommon. On some occasions, the investigation of bac-
terial infections, particularly pneumonia, or herpes virus infec-
tions may lead to the diagnosis. Rarely, the disease is discovered
during the diagnostic workup of an autoimmune haemolytic
anemia (AIHA) or, even less frequently, an immune thrombo-
cytopenia (ITP). A peculiar feature in some patients is a high
sensitivity to insect, mainly mosquito, bites. Rarely, CLL may
involve extrahaematological tissues, such as skin, liver, kidney
or central nervous system; in such cases, however, disease trans-
formation needs to be ruled out. In addition, vasculitis, hyper-
calcaemia and nephrotic syndrome are occasionally observed.
Spontaneous regression of the disease can be observed in 1–
2% of patients per year. The remission is rarely complete, most
patients having persistent disease by flow cytometry and the
remission is usually transient. The mechanisms behind spon-
taneous remissions are poorly understood, but could involve
immune-mediated reactions.

Laboratory features (see also Chapter 31)

The hallmark of the disease is an increased white blood cell
(WBC) count with a high percentage of lymphocytes and abso-
lute lymphocytosis (Figure 27.1). A proportion of prolympho-
cytes (1–10%) are nearly always seen when WBCs are higher
than 30 × 109/L. If the proportion of prolymphocytes is greater
than 10%, it represents a variant designated chronic lym-
phocytic/prolymphocytoid leukaemia (CLL/PL) (Figure 27.2).
Some patients have a mixed pattern of small and large cells
and others have lymphoplasmacytoid features or even cells with
nuclear clefts. These are often associated with other atypical fea-
tures, such as trisomy 12 or FMC7 positivity.
In asymptomatic patients, anaemia is found in less than

10%. Importantly, anaemia is not always due to the infiltra-
tion of the bone marrow by the disease; other causes such
as autoimmunity, iron, folate or vitamin B12 deficiency may
cause anaemia, particularly in the elderly or poorly nourished
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Figure 27.1 Blood film of a typical case of CLL. Small lymphocytes
with scanty cytoplasm and tenuous nucleoli. In the upper right
corner a Gumprecht cell is observed.

people. Likewise, thrombocytopenia is infrequent at diagno-
sis. The appearance of a marked thrombocytopenia (e.g. <20
× 109/L) in a patient with previous normal counts should raise
the possibility of an immune origin, particularly in the absence
of anaemia. Hypogammaglobulinaemia is frequent (30% of
patients) and tends to worsen over the course of the disease.
Serum immunofixation can demonstrate anMcomponent (usu-
ally of the IgM type) in around 10–15% of patients. A positive
direct antiglobulin test (DAT) is observed in around 5% of the
patients at the time of diagnosis, with clinically apparent AIHA
being less frequent.

Figure 27.2 Blood film from a case of CLL/PL. Note the dual
population of small lymphocytes and larger nucleolated
prolymphocytes.

Figure 27.3 FISH analysis with a 13q14 probe showing missing
red dots in several cells denoting 13q deletion; all the cells are
disomic for chromosome 12 (normal pattern).

Genetic and molecular features

The analysis of the karyotype of CLL lymphocytes by conven-
tional techniques does not yield informative results in many
cases. FISH analysis uses specific probes to detect themost com-
mon genetic changes on interphase cells (Figures 27.3 and 27.4).
However, none of the abnormalities found in CLL are unique
or specific to this disease and can be found in other B-cell dis-
orders. There are no unique translocations in CLL either. The
most frequent cytogenetic abnormalities are del(13q), del(11q),
trisomy 12, del(6q) anddel(17p), which are associatedwith some
peculiar clinical features and outcomes (Table 27.2). Del(17p) is
observed in 5–50% of cases, depending on the characteristics of

Figure 27.4 FISH analysis with a TP53 probe (red) and a control
17 probe. Note many cells with only one red dot (instead of two),
indicating TP53 deletion.

503



Postgraduate Haematology

the studied population (e.g. untreated, treated). Translocations
(e.g. t(14;19) or t(14;18)) have been reported in a few cases, but
whether these represent typical CLL cases is equivocal. Complex
karyotypes (more than three abnormalities) can be observed.
In around 30% of cases, cytogenetic evolution occurs over the
course of the disease. TP53 mutations are usually observed in
del(17p), but in 5–15% of casesTP53mutations can occur in the
absence of del(17p). Mutations of other genes such as MYD88,
NOTCH-1, SF3B1 and BIRC3 can be observed in 5–15% of
cases. Epigenetic lesions are present in CLL and are the subject
of many studies to better understand the landscape of genetic
lesions in this disease.

Pathology features

In typical cases, the histology of lymph nodes shows effacement
of the architecture by small lymphocytes with a pseudofollicu-
lar pattern of pale areas that correspond to proliferation cen-
tre. Proliferation centre contain numerous T cells, a fine net-
work of dendritic cells and B cells with an increased expression
of proliferation-associated markers and antiapoptotic molecules
compared to the non-proliferation component. There are
patients whose lymph nodes have expanded proliferation cen-
tre (pseudofollicles) with a high proliferation rate (‘accelerated
CLL’). Differences observed in lymph node histopathology are
consistent with the concept of CLL as an evolving disorder, from
typical CLL to ‘accelerated CLL’ and eventually disease transfor-
mation (seeDisease Transformation). The spleen shows a diffuse
infiltration, mainly affecting the white pulp.
The bone marrow displays a variable degree of infiltration by

the disease and, in contrast to follicular lymphoma, there is no
paratrabecular infiltration. Four infiltration patterns have been
described: nodular, interstitial, mixed (nodular+interstitial)
and diffuse.While in early clinical phase nodular and interstitial
patterns predominate, in advanced phase a diffuse infiltration
is the norm.

Diagnostic criteria

According to the International Workshop on CLL (IWCLL), the
diagnosis of CLL is sustained by the following parameters:
� Presence in peripheral blood of>5× 109/Lmonoclonal B lym-
phocytes persisting for at least 3 months
� Demonstration of the clonality of the population (κ/λ
analysis)
� Characteristic immunophenotype: SmIgweak, CD5+, CD19+,
CD20weak, CD23+.
Regarding the immunophenotype, FMC7 (a CD20 epitope)

and CD79b are usually absent or weakly expressed. Based on
immunophenotypic characteristics and giving one point to each
one of the following: CD5+, CD23+, FMC7weak, SmIg (κ/λ
staining)weak and CD79bweak Matutes and Catovsky showed that
in patients with a score of 4–5, the diagnosis is virtually always

CLL, while in those cases with a score <3, the diagnosis of CLL
is extremely unlikely. The typical immunophenotype for CLL
as accepted in current guidelines should be revisited because of
the availability of markers highly characteristic of CLL, such as
CD200 and ROR1.
Bone marrow aspirate and biopsy are not necessary for

diagnosis, but can be useful in cases where diagnosis is complex,
and to provide invaluable information about the origin of
cytopenias (i.e. bone marrow failure because of disease infiltra-
tion versus ‘peripheral mechanisms’ such as hypersplenism or
autoimmunity).

Differential diagnosis

Usually, the diagnosis of CLL is straightforward and does not
present difficulties. However, NHL in leukaemic phase, particu-
larly mantle-cell lymphoma, lymphoplasmacytic lymphoma and
marginal zone lymphoma, can mimic CLL. In CLL a small per-
centage (i.e. 1–10%) of atypical lymphocytes (e.g. prolympho-
cytes, lymphoplasmacytoid cells, cleaved cells or centrocytes)
can be present in blood. If the percentage of atypical cells is
>10% but <55%, CLL with prolymphocytoid cells (CLL/PL) is
accepted as an atypical variant of CLL. However, the diagnosis
of atypical CLL should not be accepted without having excluded
a lymphoma in leukaemic phase.
Lymphoplasmacytic lymphoma (Waldenström’s macroglobu-

linaemia) is characterized by a proliferation of an admixture of
small lymphocytes, plasmacytoid lymphocytes and plasma cells;
a monoclonal IgM peak is a hallmark of the disease. The diagno-
sis requires the exclusion of other B-cell disorders with plasmatic
differentiation. MYD88(L265P) mutations are found in nearly
all patients, and mutations of CXCR4 are present in around
30% of cases. In some cases a moderate increase of lymphocytes
in blood is observed. The presence of more than 55% prolym-
phocytes is a feature that arbitrarily defines B-cell prolympho-
cytic leukaemia (B-PLL), an extremely infrequent disorder that
in most cases corresponds to mantle-cell lymphoma (MCL) in
leukaemic phase. In fact B-PLL is a morphological diagnosis,
whichmay represent cases that are either poor-riskCLL orMCL,
and is probably not a discrete entity in its own right. CLL does
not evolve to B-PLL.
Immunophenotyping of the leukaemic cells is useful in the

differential diagnosis. In particularly difficult cases, biopsy of
involved lymph nodes and bone marrow, as well as genetic and
molecular studies, can be of help (Table 27.2). Regarding cyto-
genetic and molecular studies, it is debatable whether transloca-
tions of the IGH locus are a feature of CLL. Nevertheless, sys-
tematic interphase FISH with an IGH probe can detect up to 5%
of cases with such translocations. Excluding t(11;14)(q13,q32),
a feature of MCL, some apparently genuine cases of CLL
with t(14;18)(q32;q21) or IGH/BCL2, t(14;19)(q32;q13) or
IGH/BCL3, and very rarely t(8;14)(q24.1;q32) involving the
MYC gene have been reported. Of note, the latter cases were
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Table 27.3 FISH cytogenetics: biological and clinical correlates.

Correlates

Abnormality (%) Biological Clinical

Median
survival
(years)

Del(13q14) isolated 25–40 Mutated IGHV genes
MYD88 mutations

Good prognosis >15

Trisomy 12 15–20 Atypical morphology
(prolymphocytes)

Atypical immunophenotype
(CD20+FMC7+, CD11c+)

NOTCH1 mutations

Short treatment-free
survival

∼ 7.5

Del(11q22-23) 20–25 ATMmutations (30%)
BIRC 3 mutations

Tumoral forms
Shorter time to progression.
Longer PFS with FCR
vs. FC or F

∼ 6

Del(17p13.1) 5–3 Unmutated IGHV genes
TP53 mutations
Clonal evolution
Complex karyotype

Resistance to therapy ∼ 4

described as CLL/PL and some as typical B-PLL. IGH translo-
cations have often been described as atypical and associated
with poor prognosis. Cases with t(14;19), although rare, have
been more extensively characterized. This translocation has
been reported in a heterogeneous group of B-cell malignancies,
including marginal zone lymphomas and, in about half of cases,
with a diagnosis of CLL frequently associated with trisomy 12,
unmutated IGHV genes and low frequency of del(13q).
Chronic lymphocytic/prolymphocytoid leukaemia (CLL/PL)

is a proliferative form of CLL displaying 10–55% atypical lym-
phocytes in blood, not infrequently associated with trisomy 12,
FMC7 expression, TP53 deletion, high rate of cell divisions (as
shown with the antibody Ki-67) and histologically by many pro-
liferating centres in lymph nodes and bone marrow sections
(‘accelerated CLL’).
When atypical features are present, including those of

CLL/PL, it is important to consider the differential diagnosis
of NHL evolving with lymphocytosis, notably MCL. The best
method to exclude (or confirm) MCL is to test for t(11;14)
by FISH and/or to demonstrate expression of cyclin D1 by
immunohistochemistry. Other NHLs can be excluded by
histological criteria (see Chapter 33) and the combination of
peripheral blood morphology, immunophenotype and genetic
features (Table 27.2).
A rare abnormality is polyclonal B-cell lymphocytosis. In

affected individuals, the absolute number of B cells is increased,
but, as shown by κ/ λ staining, they are polyclonal. Disease
features are median age 40 years, predominance in women,
lymphocyte count 3–15 × 109/L (median 6.5), splenomegaly
(15%) and mild bone marrow infiltration, sometimes showing

intrasinusoidal distribution; 95% of patients are smokers and
90%haveHLA-DR7 in their genotype. The cellmarkers are non-
clonal cell proliferation, CD19+, FMC7+, CD5−, CD23−, CD27+

and the patients have elevated levels of polyclonal IgM in serum.
Despite the benign andnon-clonal nature, distinct abnormalities
have been shown in the B lymphocytes such as an extra copy of
the long arm of chromosome 3 in the form of iso(3q) and also
the presence of IGH/BCL2 rearrangements. A minority of sub-
jects (around 3%) may develop NHL. The blood picture is pleo-
morphic and frequently shows binucleated lymphocytes (Figure
27.5), which are characteristic of this condition. These persons
should not receive therapy, but be closely followed to detect a
potential disease transformation.

Figure 27.5 Blood film from a case of polyclonal B-cell lympho-
cytosis showing a binucleated cell characteristic of this condition.
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Table 27.4 Differences between CLL, SLL, and MBL.

CLL SLL MBL

Clonal B cells in peripheral blood ≥ 5000/μL <5000 /μL <5,000/μL
Lymphadenopathy
Organomegaly
Anaemia, thrombocytopenia

Possible
Possible
Possible

Yes
Possible
Possible

No∗

No
No

Bone marrow involvement Yes Possible Yes
Disease-related symptoms Possible Possible No
Lymph node biopsy Not required Required Not required

∗Negative imaging studies required

Diagnosis of CLL-related conditions

Most cases of MBL and all cases of CLL and SLL are part of
the same spectrum of CD5+ B-cell chronic lymphoproliferative
disorders, whose main differences are shown in Table 27.4 and
are discussed here. Also described is disease transformation
that frequently represents the latest stage in the history of both
CLL and SLL.

Monoclonal B-cell lymphocytosis (MBL)
In the absence of lymphadenopathy, organomegalies (detected
clinically or radiologically), cytopenias and clinical symptoms,
the presence of less than 5 × 109/L monoclonal B lymphocytes
in blood with a CLL phenotype is defined as MBL. The inci-
dence of MBL in the normal population is about 3–10% and is
higher in first-degree relatives of patients with CLL and older
subjects. Its detection highly depends on the sensitivity of the
flow-cytometry technique. The cut-off value of 5 × 109/L mon-
oclonal cells for diagnosis of MBL was selected arbitrarily for
consistency with CLL diagnostic guidelines, and is not based on
objective clinical data. Many studies have compared MBL ver-
sus Rai stage 0 CLL, finding that a higher cut-off lymphocyte
level (i.e. >10 × 109/L) is better for identifying those patients
more likely to progress to symptomatic CLL. On the other hand,
MBL represents a miscellaneous category ranging from patients
with minute clonal B-cell populations detected through general
population studies, to patients with absolute lymphocytosis that
are referred for consultation, currently defined as ‘clinical’ MBL.
There are cases in which there is more than one B-cell clone, and
even others in which a mixture of monoclonal B cells and mon-
oclonal T cells can be detected. Although the immunopheno-
type is in most cases identical to that of CLL, cases with atypical
immunophenotype (e.g. CD5-negative) or resembling MZL or
lymphoplasmacytic lymphoma have been described. The clonal
population can spontaneously regress over time or, conversely,
increase and evolve to CLL, which occurs in around 1–2% of
cases per year.

Small lymphocytic lymphoma (SLL)
The diagnosis of SLL requires the presence of lymphadenopa-
thy or organomegaly (detected either clinically or by imaging
studies), cytopenias or other disease-related features with <5 ×
109/L B lymphocytes in blood. By definition, SLL cells display
the same immunophenotype as CLL cells, although the diagno-
sis should be confirmed by histologic evaluation of a lymphnode
or other tissues. The prognosis and treatment is the same as in
CLL. Patients with SLL requiring treatment should be included
in CLL trials.

Richter’s syndrome (RS)
Richter’s syndrome (RS) represents the development of an
aggressive lymphoma, most commonly a diffuse large B-cell
lymphoma (DLBCL) in a patient previously (or simultaneously)
diagnosed with CLL. The diagnosis needs to be substantiated by
the biopsy of a lymph node or another lymphoid tissue. Rarely,
RS presents in peripheral blood or bone marrow smears (Figure
27.6) (see also Disease complications).

Figure 27.6 Blood film of a patient with Richter’s syndrome with
circulating large blast cells that were positive for surface membrane
immunoglobulin.
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Figure 27.7 CLL patients survival over the years (Hospital Cĺınic
Barcelona).

Prognosis

Themedian survival of patients with CLL has improved over the
last years and is now around 10 years (Figure 27.7). This is due at
least in part to better therapies, particularly in younger patients.
Other factors include amore accurate diagnosis of B-cell chronic
disorders (allowing separation of CLL from other, more aggres-
sive conditions) and an early diagnosis, inherently accompanied
by a longer survival.
The individual prognosis, however, is heterogeneous and

ranges from a few months to a normal lifespan. Prognostica-
tion is therefore an essential component in the management of
patients with CLL. Although somewhat overlapping, it is use-
ful to distinguish, under the umbrella of outcome predictors,
those parameters that predict disease progression, and hence
need of therapy (prognostic factors), and those informing about
the probability that an individual patient will respond to a given
therapy (predictive factors) (Table 27.5; see also Treatment).

Table 27.5 Most important Outcome Predictors in CLL.

Prognostic factors

Consolidated Complementary value

Clinical stages Blood lymphocyte count
IGHV mutational status ZAP70
Cytogenetics CD38
LDT Beta-2 microglobulin

Predictive factors

Consolidated Requiringmore studies

Del(17p)/TP53 mutation NOTCH1 mutation (∗)
Del(11q)

LDT, lymphocyte doubling time; (∗), no benefit from anti-CD20 MoAbs
treatment.

It is important to underscore that the mere correlation of a
parameter with a given outcome does not necessarily qualify it as
outcome predictor. Outcome predictors need to fulfill a number
of requisites to be considered as such. For example: standard-
ization, inter- and intrareproducibility, independent prognos-
tic value from other predictors of the same outcome and direct
consequences in the management of a substantial proportion of
patients. Importantly, outcome predictors can complement, but
not replace, clinical expertise and sound clinical judgment.

Age
Not surprisingly, older patients have a poorer prognosis than
younger ones. Age by itself should not be a criterion to decide
treatment modality; as discussed in the Treatment section, ‘bio-
logical’ age (as reflected by performance status, frailty and
comorbidity) rather than ‘chronological’ age should be consid-
ered.

Sex
The incidence of CLL is higher in men than in women. The rea-
son for this imbalance is unclear. In addition, females appear to
have a longer survival than males. Whether this is because of
the gender itself or the characteristics of the disease in women is
unclear. This differencemight be due at least in part to biological
disparities, including a predominance of IGHV-mutated forms
among women with CLL, and also to variations in pharmacoki-
netics between men and women, as demonstrated in lymphoma
patients.

Comorbidity
The median age of patients at diagnosis is over 70 years. As a
result, the presence of concurrent diseases is frequent. Although
a specific index to evaluate comorbidity and frailty in patients
with this form of leukaemia does not exist, a modified Cumu-
lative Illness Rate Score (CIRS) of greater than 6 has been used
by the German CLL Study Group to define patients considered
unfit for fludarabine-based therapy. Particularly important is
an impaired renal function (creatinine clearance <70 mL/min),
which is associated with poor tolerance to chemoimmunother-
apy and higher toxicity.

Clinical stages
Although developed more than 30 years ago, the clinical stages
independently formulated by Rai and Binet continue to be the
backbone of estimating prognosis and indicating therapy. Clini-
cal stages are based on the concept that CLL cells first accumu-
late in blood and bone marrow, subsequently in lymph nodes
and spleen, and eventually in bone marrow, leading to its func-
tional failure (Table 27.6). Rai and Binet clinical staging sys-
tems give reliable information on survival probability. Patients
with low-risk disease (Rai 0, Binet A) have a median survival
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Table 27.6 The clinical stage so of Rai and Binet.

Rai 0 I II III IV

Blood lymphocytosis Yes Yes Yes Yes Yes
Lymphadenopathy No Yes Yes/no Yes/no Yes/no
Spleen/liver enlargement No No Yes Yes/no Yes/no
Hb <110 g/L No No No Yes Yes/no
Platelets <100×109/L No No No No Yes
Median survival (years) >15 7–9 6–8 3–5 3–5

Binet A B C

Blood lymphocytosis Yes Yes Yes
< 3 lymphoid areas∗ enlarged No Yes Yes/no
Hb <110g/L and/or Platelets
<100 × 109 /L

No No Yes

Median survival (years) >15 7–9 3–5

Cervical

Binet ‘lymphoid’ areas

Axillary
Spleen
Inguinal

Liver

∗cervical, axillary, inguinal lymph nodes (either uni- or bilateral), spleen, and liver.

greater than 15 years, those with intermediate-risk disease (Rai
I, II; Binet B) have a median survival of 5–7 years, and patients
with high-risk disease (Rai III, IV; Binet C) have a median life
expectancy of less than 3–5 years. Importantly, assigning a clin-
ical stage to a given patient only requires a physical examination
and a complete blood cell count; such simplicity is a tremendous
advantage, enabling them to be applied globally.

Other validated prognostic factors
Blood lymphocyte doubling time
A rapid blood lymphocyte doubling time (LDT) (e.g. <12
months) indicates progressive disease. LDT can be easily antic-
ipated by plotting in linear regression absolute lymphocyte
counts obtained at different time points over 2–3 months since
diagnosis, or since the first time in which lymphocytosis was
observed, but not further studied. LDT behaves as a continuous
prognostic variable, the shorter it is, the poorer the outcome.Not
infrequently, a short LDT is associated with other signs of pro-
gressive disease. In addition, if a patient has a short LDT prior
to initial therapy, an equally rapid or even more rapid doubling
time will be observed at disease relapse, indicating that the dis-
ease is inherently proliferative.

Cytogenetics
Most patients with CLL (∼90%) present with cytogenetic abnor-
malities that can be detected by FISH. Themost common abnor-
malities are del(13q), trisomy 12, del(11q), del(6q) and del(17p).
All these abnormalities have important clinical correlates (Table
27.3). Döhner et al., in a seminal publication, proposed a hierar-

chical model for prognostic purposes. This model implied that
patients are classified according to the worst cytogenetic abnor-
mality, as shown in Table 27.2, independently of the number of
lesions. It should be noted that deletions of 13q14, present in
up to 50% of cases, confer a good prognosis, provided they are
found as the only change. Del(11q)(22-23) frequently involves
the ATM gene and its prognostic significance mainly depends
on whether or not the gene in the other allele is mutated or not.
Del(17p) is found in 5–30% of cases, its incidence being higher
in patients with advanced and heavily pretreated CLL. In the
case of complex karyotype (more than three abnormalities) the
lesions usually include TP53 mutations. Del (11q) and particu-
larly TP53 mutations are a strong predictor of response to ther-
apy (see Response predictors).

Genetic mutations
IGHV gene mutational status: In landmark studies indepen-
dently conducted by Damle et al. and Hamblin et al. in 1999,
it was demonstrated that in CLL, the IGHV gene can be either
mutated (<98% homology to the nearest germline sequence) or
unmutated in a proportion of 50–60% and 30–50%, respectively,
and that IGHV mutational status correlates with biological
and clinical features. Importantly, IGHV mutational status has
prognostic value in itself, independently of other parameters.
While patients with mutated IGHV genes usually have indolent
disease not needing therapy and good prognosis, those with
unmutated IGHV genes tend to have rapidly aggressive disease,
respond poorly to therapy and have short survival. Notably,
many of the poor prognostic features, such as advanced clinical
stage, male gender, atypical morphology and unmutated IGHV
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Table 27.7 IGHV gene mutational status: biological and clinical correlates.

Mutated IGHV Unmutated IGHV

� Early stage (A, O)
� WBC count <30×109/L
� LDT >12 months
� Low ZAP70
� Low CD38
� Low B2M
� Low-risk genetics
– Normal, de(13q) (isolated)
– MYD88 mutations

� Advanced stage (C, III,IV)
� WBC count ≥ 30×109/L
� LDT ≤ 12 months
� High ZAP70
� High CD38
� High B2M
� High-risk genetics
– Del(17p)
– Complex karyotype
– TP53, NOTCH1, SF3B1, BIRC3 mutations

Median survival >15 years Median survival: 4–5 years

genes are found together. There are some exceptions, notably
IGHV3-21, which is more often mutated and is associated
with poor outcome (comparable to unmutated cases) and has
predominantly light chain expression. Trisomy 12 and de(11q),
del(17p), TP53, NOTCH1 and SF3B1 mutations predominate
in unmutated cases, whereas the opposite is true for the mutated
ones. IGHV mutational status is thus not only a major marker
of two different forms of disease, but also a central prognostic
feature around which revolve many other prognostic factors
(Table 27.7).
Other genetic mutations: The del(17p) at the TP53 locus is

observed in 5–50% of cases, depending on the clinical situation
(i.e. early, untreated disease versus late, heavily treated and resis-
tant disease) and in most cases correlates with a point mutation
in the other allele, resulting in total inactivation of theTP53 sup-
pressor gene. In 2–5% of patients, however, TP53 mutation can
be present in the absence of del(17p), meaning that the absence
of del(17p) does not rule out mutations in the TP53 gene. Prog-
nostically, TP53 mutations are the most important predictor of
response. Importantly, next-generation sequencing studies have
shown that TP53 mutations can be observed in small CLL sub-
clones, bearing the same poor prognosis (see Response predic-
tors). In turn, del(11q) deletions are usually monoallelic, fre-
quently large and include a minimally deleted region (MDR)
which encompasses the ATM gene in 30–40% of cases. BIRC3,
a negative regulator of non-canonical NFKB signalling located
at 11q22, has been found to be deleted or mutated in a mutually
exclusive manner with TP53.
The European Research Initiative onCLL (ERIC) undertook a

study to determine the correlations and clinical impact of genetic
mutations in CLL. To that purpose 3490 patients with CLL from
different institutions were screened. BIRC3 mutations (2.5%)
were associated with unmutated IGHV genes, del(11q) and tri-
somy 12, whereas MYD88 mutations (2.2%) were exclusively
found among mutated CLL. In multivariate analysis, SF3B1
mutations and TP53 along with del(11q) and unmutated CLL,

but not NOTCH1 mutations, showed independent significance
as predictors of time-to-first treatment.

Biologic prognostic markers
CD38: A low CD38 expression correlates with stable disease,
while a higher expression predicts a short time to disease pro-
gression andworse overall survival. The best threshold for CD38
positivity is unclear. Early reports suggested 30% as a cut-off, but
more recent studies found lower figures (7%, 20%) to be more
clinically relevant.Of note, CD38 expressionmay vary over time,
thus undermining its prognostic value.
ZAP70: Several studies have shown a good correlation

between ZAP70 expression and IGHV mutational status, both
adding discriminating power to clinical stages. This is partic-
ularly evident in patients with stage A disease, in whom early
assessment of the need for future therapy may be desirable.
Although ZAP70 expression may vary over time, changes are
rarely observed in cases with clear-cut low or high values.
CD49d: The prognostic significance of CD49d has been out-

lined in many studies, including a large analysis in which CD49
was found to be the most reliable immmunophenotypic marker
regarding prognosis and independently of othermarkers such as
IGHV mutational status, but this finding requires further vali-
dation.
Serum markers: β-2 microglobulin (β2M) has been exten-

sively studied and validated from the prognostic standpoint.
β2M is considered to reflect tumour burden and disease kinet-
ics, but can also be increased as a result of an abnormal renal
function. In many, but not all, studies it has been found to
predict poor response to therapy and short survival. Likewise,
serum levels of CD23 (and its doubling time) as well as those of
thymidine kinase, both reflecting cellular turnover, have been
linked to prognosis. Increased LDH levels are infrequent in
uncomplicated CLL and also correlate with outcome. However,
extremely high LDH levels, particularly if sharply increasing,
should lead to the suspicion of disease transformation (Richter’s
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syndrome). Other less well-studied markers include vascular-
growth-endothelial-factor (VGEF), soluble interstitial adhesion
molecule 1 (SICAM), CD44, CD20, and CD27.
microRNAs: microRNAs (MIRs) are a large family of short,

non-coding, single-stranded molecules that regulate almost
one-third of human genes. Two microRNAs, MIR15a and
MIR16-1, are located at 13q14, a region frequently deleted in
CLL and which is an initial event in CLL pathogenesis. Prog-
nostically, these microRNAs distinguish CLL cases according to
IGHV mutation status and ZAP70 expression, and have been
found to correlatewith poor outcome. Besides,many otherMIRs
have been associated with aggressiveness and outcome of CLL,
but no MIR has been developed as a routine prognostic tool.

Prognostic systems and scores
Prognosis is related to many factors, and thus a single parame-
ter rarely predicts outcome. Because of this, prognostic assess-
ment is based on the combination of different parameters in the
form of stages, prognostic groups or scores. The best, and old-
est, examples are Binet and Rai staging systems in which lym-
phadenopathy, organomegalies, anaemia and thrombocytope-
nia are combined to identify different risk groups (Table 27.6).
Other systems to evaluate prognosis in either the whole patient
population or selected groups have been proposed. For example,
the German CLL Study Group (GCLLSG) has identified a series
of prognostic parameters such as age (>60 years), sex (male),
ECOG (>0) IGHV mutational status (unmutated), serum β2M
(>3.5 mg/L), serum TK (>10.0 U/L), del(17p) and del(11q),
whose combination allows delineation of four prognostic groups
with survival ranging from95% to 19% at 5 years fromdiagnosis.
Among elderly patients (>70 years old), the Barcelona group

has shown that advanced stage (Binet B or C), increased serum
β2M microglobulin (>2.3 mg/L), high ZAP 70 (or unmutated
IGHV gene) and a CIRS score of >6 identify favourable (less
than two factors; median survival: 11.4 years; OS at 10 years:
60%) and unfavourable (at least two factors; median survival 6.8
years; OS at 10 years: 10%) risk groups.
In daily practice, patients with early clinical stage (Binet A,

Rai 0), mutated IGHV genes, no poor cytogenetics, normal
serum β2M, a low blood lymphocyte count (<30 × 109/L) and
a long LDT (>12 months) have a very good prognosis, with
a survival close to that of the general population. In contrast,
subjects with advanced clinical stage (Binet B/C, Rai I–IV),
unmutated IGHV genes, poor-cytogenetics (11q–, 17p–, com-
plex karyotype), increased β2M, a high blood lymphocyte count
(≥30 × 109/L) and short LDT (<12 months) have a very poor
prognosis.

Disease complications

Autoimmunity
AIHA occurs in around 10% and ITP in 5–7% of patients,
and can appear before or concurrently with the diagnosis,

spontaneously over the course of the disease or be triggered by
treatment. The fear that purine analogues could trigger AIHA
has been over-rated, largely due to biased data from retrospec-
tive studies in patients that were heavily pretreated. Actually,
AIHA can be observed with any kind of therapy, including alky-
lators. Recent studies have shown that the incidence of AIHA
in patients treated with fludarabine-based regimens such as flu-
darabine, cyclophosphamide and rituximab is lower than with
fludarabine alone. However, in one of such studies (UK CLL4
trial) all fatal cases of AIHA followed fludarabine monotherapy.
Therefore, patients who experience AIHA secondary to fludara-
bine alone should only be re-exposed to fludarabine with great
caution, and a fludarabine-based combination regimen rather
than fludarabine alone should be given.
Most patients with CLL andAIHAhave anaemiawith positive

IgG DAT in the context of reticulocytosis, raised bilirubin and
low haptoglobin serum levels; serumLDH is less discriminating,
since it may be elevated due to active CLL. In some cases, con-
ventional DAT techniques can be negative, mainly in cases with
milder AIHA forms with a low amount of red blood cell (RBC)-
bound immunoglobulin. Likewise, reticulocytosis may not be
striking in the context of a bone marrow heavily infiltrated by
leukaemic cells or in patients receiving treatment. There is the
risk, therefore, of underdiagnosing AIHA.
ITP is most commonly an incidental finding on a routine

blood count. Diagnosing ITP may present difficulties, particu-
larly because there is not a sensitive and specific diagnostic test.
Nevertheless, thrombocytopenia can be considered as immune
mediated when platelet counts suddenly decrease in the absence
of splenomegaly, infection or chemotherapy, and with abundant
megakaryocytes in the bone marrow. Staining with Factor VIII
may help to reveal the presence ofmegakaryocytes in amassively
infiltrated marrow. In advanced disease, anaemia usually occurs
before thrombocytopenia. Therefore, isolated thrombocytope-
nia, particularly if extremely low, is more likely to be immune in
origin. Response to corticosteroids may be the final, post-hoc
diagnostic test. On some occasions AIHA and ITP are found
together (i.e. Evans’ syndrome). In those areas in which this is
a prevalent problem, Helicobacter pylori infection should be
excluded.
Erythroblastopenia or pure red cell aplasia (PRCA) is defined

by the lack, or maturation arrest, of red blood cell precursors
in bone marrow, anaemia and low absolute reticulocyte count.
In the presence of anaemia, the reticulocyte percentage can be
misleadingly normal; therefore, the reticulocyte percentage cor-
rected according to the haematocrit and the absolute reticulo-
cyte count are more informative. The bone marrow shows char-
acteristic defects of erythroblast maturation. In the presence of a
bone marrow heavily infiltrated by lymphocytes, the identifica-
tion of red cell precursors can be difficult. In this setting, antigly-
cophorin immunohistochemistry may facilitate the identifica-
tion of red cell precursors. Importantly, PRCA can be seen in
association with other immune cytopenias, particularly AIHA.
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In addition, any patient with CLL and anaemia with a low retic-
ulocyte count should be evaluated for viral infections that can be
associated with PRCA, namely cytomegalovirus, Epstein–Barr
virus, and parvovirus.
Autoimmune granulocytopenia is exceedingly rare (<1%).

Likely, most early reports of this complication did not occur in
the context of bona fide CLL cases, but of misdiagnosed T-cell
large granular lymphocytosis.
The prognostic significance of autoimmune cytopenias is con-

troversial, but there is some proof that when patients with
advanced clinical stage (Binet C, Rai III, IV) are stratified based
on the mechanism of the cytopenia, those with advanced stage
‘immune’ do better than those with advanced stage ‘infiltrative’,
in which the cytopenia is due to a packed bonemarrow. The rea-
son for this difference, of important consequences in progno-
sis and clinical management, is that patients with autoimmune
cytopenia tend to respond well to corticosteroids, while those
with a high tumour burden do not always respond satisfactorily
to CLL therapy.
Treatment of patients with CLL and autoimmune cytope-

nia is largely based on expert opinion and analysis of retro-
spective series rather than on prospective clinical studies. It is
accepted that in those patients with immune cytopenia in the
context of quiescent CLL, the treatment should be the same
as in idiopathic AIHA: initially with corticosteroids, and then,
in patients who fail to respond or relapse quickly, anti-CD20
monoclonal antibodies. If there is no response to these two
approaches, alternative immunosuppression (e.g. ciclosporine,
mycophenylate or azathioprine) or splenectomy should be con-
sidered. Good results have also been achieved with rituximab
plus corticosteroids, rituximab, cyclophosphamide and dexa-
methasone or rituximab, dexamethasone and ciclosporine.
Intravenous immunoglobulin can be useful where a rapid
response is needed (e.g. a patient with thrombocytopenia and
significant bleeding), though as a single agent it will not give last-
ing effects. The thrombopoietin receptor agonist eltrombopag
may be effective in ITP associated with CLL, as in primary ITP.
Splenectomy can be useful in individual cases impossible to con-
trol by other measures, but is less and less indicated. Supportive
care should include blood product transfusion as clinically indi-
cated, folic acid in AIHA and local measures to control bleeding
in ITP. Importantly, failure of autoimmune cytopenia to respond
to conventional treatment is an indication for anti-CLL therapy,
particularly if the disease shows signs of progression.
Non-haematological autoimmunity is very rare, the only dis-

orders that have been reliably linked toCLL being cold-aglutinin
disease, paraneoplastic pemphigus and acquired angioedema.

Disease transformation
CLL can transform into B-cell diffuse large cell lymphoma
(DLCL), an event historically known as Richter’s syndrome (RS).
RS occurs in around 5%of patients and the risk is estimated to be
around 10% at 10 years from diagnosis. Risk factors predicting

for the development of RS are high CD38 expression, unmu-
tated and stereotyped IGHV genes, and presence of NOTCH1,
TP53 and CDKN2A/B mutations; whether these are predictors
or hallmarks of the disease is debatable. Current evidence sug-
gests that intense immunosuppression with agents such as flu-
darabine and alemtuzumab may trigger transformation. How-
ever, in these cases, RS is not clonally related to the underlying
CLL and is actually EBV-driven, analogous to post-transplant
lymphoproliferative disorder (Chapter 35).
RS is extremely heterogeneous in its biology and progno-

sis. In 80% of cases, the transformation occurs in the CLL
clone, which usually acquires mutations of TP53,NOTCH1 and
CDKN2A/B, MYC abnormalities and/or clonal evolution. The
prognosis of these patients is poor, with a median survival infe-
rior to 2–3 years. In the remaining 20% of patients, the DLCL
arises in a CLL-unrelated B-cell clone, and these patients may
have a better prognosis.
In practice, disease transformation should be suspected

whenever the patient suffers an abrupt worsening of the general
status, fever, enlarging lymph nodes or extranodal involvement;
also, a sharply increasing serum LDH level is an important clue
to suspect transformation. However, the diagnosis may be diffi-
cult because RS can be localized in an isolated organ (e.g. spleen,
lymph nodes of a given territory, extralymphatic tissue). Rarely,
the transformation takes place in the bonemarrow. In such cases
the large blast-like cells spill over to the peripheral blood and
the morphology may resemble that of an acute leukaemia (Fig-
ure 27.6). RS is often associated with monoclonal proteins in the
serum or free light chains in the urine. The diagnosis can be reli-
ably suspected on clinical grounds, but needs to be confirmed
by biopsy. In this regard, and in contrast to uncomplicated CLL,
PET/CT can show areas of hyperactivity corresponding to the
transformed tissue and be useful in identifying the site to be
biopsied. In some cases, EBV infection can be demonstrated in
the involved tissue.
Besides DLCL, cases of transformation into Hodgkin lym-

phoma can be observed, mainly in older men presenting with
mixed-cellularity histological subtype, and EBV driven. In such
cases the prognosis is controversial, but seems to be as poor
as in DLCL transformation. Patients respond badly to conven-
tional lymphoma regimens and allogeneic stem cell transplanta-
tion should be considered in eligible patients.

Second neoplasias
Around 10–15% of patients with CLL present with other can-
cers; the relative risk has been calculated to be two times higher
than in the general population.Melanoma, lung carcinoma, lym-
phoma, Kaposi sarcoma, CNS and gastrointestinal tumouros are
the cancer types most frequently observed. Skin cancers other
than melanoma can be also observed, but at a frequency no dif-
ferent from that of the general population. Patients with CLL
have a substantially increased risk for a rare skin tumour known
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as Merkel cell carcinoma, and vice versa. It is usually consid-
ered that there is no relationship between treatment and the
incidence and type of secondary solid tumours. The possibil-
ity of a second tumour should be entertained whenever a given
patient presents with unexpected, unusual symptoms. Finally,
secondary MDS/AMLmay be observed in around 5% of heavily
pretreated patients.

Infections
Infections are frequent and a common cause of death. Their
pathogenesis is multifactorial, including hypogammaglobuli-
naemia, immunosuppression and treatment-related myelotox-
icity. In some studies it has been found that infections are
more related to prior therapy and diminished bone marrow
reserve than to hypogammaglobulinemia. With chlorambucil,
most infections are bacterial and frequently involve the respi-
ratory tract. The pathogenesis of infections with purine ana-
logues is related to T-cell abnormalities induced by these agents,
with herpes virus infections being very frequent. Infections by
Pneumocystis, Listeria, Mycobacteria, Aspergillus and Can-
dida can be also observed. The use of alemtuzumab is frequently
complicated (10–25% of patients) by CMV reactivation, which
deserves close monitoring and pre-emptive treatment. Like-
wise, re-activation of HBV infection may occur under therapy
with anti-CD20monoclonal antibodies. Importantly, anti-CD20
monoclonal antibodies (e.g. rituximab, obinutuzumab, ofatu-
mumab) carry a risk of hepatitis B reactivation among patients
positive for hepatitis B surface antigen (HBsAg) or antibodies
against hepatitis B core antigen (anti-HBc). All patients should
be screened for hepatitis B prior to starting treatment. Patients
with evidence of prior hepatitis B infection should bemonitored
for clinical and laboratory signs of reactivation during therapy
and for several months after its completion. Anti-CD20 mono-
clonal antibodies should be discontinued in patients with hep-
atitis re-activation.

Treatment

Criteria to start therapy
The diagnosis of CLL is not equivalent to the necessity of start-
ing therapy, which is only indicated when any of the following
features is present:
� Fever without evidence of infection, extreme fatigue, night
sweats or weight loss
� Increasing anaemia or thrombocytopenia due to bonemarrow
infiltration by leukaemic cells
� Bulky or progressive lymphadenopathy or splenomegaly
� Autoimmune cytopenias that do not respond to standard
treatment
� Rapid blood lymphocyte doubling time (e.g. <6 months);
baseline lymphocyte count should be >30 × 109/L.
Hypogammaglobulinaemia or increased WBC counts, in the

absence of any of the above criteria, do not justify treatment.

Likewise, younger age, poor-prognosis biomarkers such as
IGHV unmutated status, high ZAP 70, TP53 or othermutations
are not per se criteria to initiate treatment. Since the diagnosis of
CLL rarely constitutes a medical emergency, the need for ther-
apy and its modality should be ideally decided after 1–3 months
of observation, a period of time useful to assess the pace of the
disease and comprehend the patient’s needs and desires.
In practice, most patients in Binet stage A or Rai stage O dis-

ease present with no symptoms or signs of active disease and
should not be treated, whereas the majority (but not necessarily
all) of patients in intermediate or advanced stage (Binet B, C; Rai
I to IV) present active disease and need therapy. The notion that
only patients with active disease should be treated is supported
by trials andmeta-analysis showing that in patients with asymp-
tomatic low-risk disease, early treatment with chlorambucil was,
if anything, deleterious. Thus, the old wisdom of watch and
wait should continue to prevail for patients with asymptomatic
disease.

Pretreatment evaluation
This should include a complete medical history, physical exam-
ination to detect enlarged lymphoid areas, complete blood
cells counts, DAT, renal function, general biochemistry, and
immunoglobulin levels. Imaging studies should be performed
if retroperitoneal, lung or mediastinal involvement is suspected,
but they are not part of the routine assessment. A bone marrow
biopsy can provide important information about tumour bur-
den and origin of cytopenias, and is also useful as baseline infor-
mation. A normal creatinine clearance is required if chemoim-
munotherapy is to be given, and hepatitis B serology should be
performed in patients in whom treatment will contain an anti-
CD20 monoclonal antibody.

Predictive factors
Response to therapy is the most important survival predictor in
patients requiring therapy. As previously discussed (see Progno-
sis), predictive or response factors anticipate the probability of
response to a specific therapy. Importantly, genetic abnormali-
ties, which are the most important predictive factor, can change
over time in approximately 30–40% of patients; because of this,
their study should be performed before initiating therapy, and
should be repeated before changing treatment.
Unfortunately there are very few robust predictive factors

for CLL. The most important is del(17p)/TP53 mutations that
anticipate a low probability of achieving a good and sustained
response with fludarabine and other purine-analogue based
therapies. Patients with del(17p)/TP53 mutations constitute a
treatment challenge. Alemtuzumab, which is no longer licensed
for CLL therapy, but can still be obtained through a named
programme, is transiently useful in del(17p)/TP53 mutated
cases without a high tumour burden. There is also some evi-
dence that lenalidomide can be effective across all genetic
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groups. The better results, however are obtained with ibruti-
nib, idelasilib and BCL2 antagonists that are effective across
all genetic subgroups, although the results are somewhat infe-
rior in del(17p)/TP53-mutated cases. For patients with del(11q)
there is proof of shorter response duration with fludarabine
alone, while this effect is circumvented by adding cyclophos-
phamide (FC) to the treatment and particularly the combina-
tion of fludarabine, cyclophosphamide and rituximab (FCR).
The relationship between NOTCH1, SF3B1 and BIRC3 muta-
tions, and response to different treatment modalities should be
prospectively investigated. In the UK LRF CLL4, CLL harbour-
ing NOTCH1 and SF3B1 mutations had a significantly shorter
OS survival than patients without these mutations, but still bet-
ter than that of patients carrying TP53 abnormalities. Results
from the GCLLSG CLL8 trial indicate that both SF3B1 and
NOTCH1 mutations are independent predictors of short PFS
after treatment with FCR. Also, it appears that patients carry-
ing NOTCH1mutations do not benefit from adding anti-CD20
monoclonal antibodies (i.e. rituximab, ofatumumab) to fludara-
bine and cyclophosphamide, but this observation needs further
investigation. Besides abnormalities detected by FISH analysis,
a complex karyotype (more than three abnormalities) is being
increasingly recognized as a predictor of poor response and out-
come. It is important therefore not to forget to perform conven-
tional cytogenetic analysis prior to therapy.

Minimal residual disease
There is increasing evidence that achieving minimal residual
disease (MRD) negativity is clinically important. Patients in
CR with no detectable MRD have a longer PFS and OS than
those with persistent MRD. However, MRD negativity is an
arbitrary concept that depends on the technique used to assess
MRD and could be a surrogate of a more benign, sensitive to

treatment, disease. Under the leadership of the Leeds group,
ERIC has undertaken a number of studies aimed at determin-
ing the best combination of monoclonal antibodies to detect
MRD at a 0.1% cell level, finding that the sensitivity of flow
cytometry could be refined by using it in combinationwith high-
throughput sequencing. An important caveat is that increasing
or prolonging treatment to reachMRD-negative statusmay con-
vey unnecessary risks, such as myelotoxicity and infections. In
the GCLLSG CLL8 trial, patients who achieved MRD-negative
CR had the same favourable outcome regardless of the given
treatment (FC versus FCR). In line with this, the MD Anderson
group has shown that the outcome of patients achieving MRD-
negative CR upon treatment with FCR is the same, regardless of
the number of cycles of therapy received. Currently, MRD erad-
ication as a treatment endpoint is only justified within clinical
trials.

Treatment approaches
Whenever possible, patients requiring treatment should be
included in clinical trials. For patients not included in tri-
als, plausible treatments are shown in Table 27.8 and are dis-
cussed below. Treatment possibilities discussed in this section
are mainly based on agents approved by the FDA and the EMA.

Younger and fit patients
The standard intervention is chemoimmunotherapy, namely the
combination of fludarabine, cyclophosphamide and rituximab
(FCR) (Tables 27.8 and 27.9). The response rate with FCR is over
90%, including 30–40%of patients achievingMRD-negativeCR.
In a long-term follow-up of 300 patients initially treated with
FCR, the 6-year OS was 77%, the median time to progression
80 months and the treatment-related deaths <1%. In fact, some
patients remain in remission over 10 years after having received

Table 27.8 Main treatment options for patients with CLL not included in trials.

Clinical situation Younger, fit patients Older, unfit patients

Front-line treatment FCR
BR (patients 60–70 years)

CLB
CLB + anti-CD20

Late relapse(>2–3 years) Switch to BR if prior FCR Switch to CLB + anti-CD20
if prior CLB alone

BR (patients 60–70 years)

High-risk disease
– Del(17p)/TP53 mutations
– Fludarabine-refractoriness
– PFS <2–3 years

Allogeneic should be kept as to
differentiate this treatment option from
autologous HSCT
Ibrutinib, Idelasilib
Alemtuzumab
(+/− corticosteroids)

Ibrutinib, Idelasilib
Alemtuzumab
(+/− corticosteroids)

BR, bendamustine+rituximab; CLB, chlorambucil; FCR, fludarabine, cyclophosphamide, rituximab; HSCT, allogeneic stem cell transplantation.
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Table 27.9 Treatments for younger, fit patients.

Treatment Phase
No. of
patients

ORR
(%)

CR
(%)

PFS (median),
months

Fludarabine→rituximab vs.
FR

I 51
53

77
90

28
47

42
42

FCR II 300 85 62 80
Bendamustine + rituximab
(patients 60–70 years old)

II 171 88 23 33

PCR II 64 91 41 33
FC vs.
FCR

III 371
390

88
95

27
52

33
43

FCR vs.
BR

III 284
280

98
98

48
38

92% at 2 years
96% at 2 years

B, bendamustine; C, cyclophosphamide; F, fludarabine; P, pentostatin; R, rituximab.

FCR and with no detectable disease, most presenting mutated
IGHV.
The downside of fludarabine or other purine analogue-based

chemoimmunotherapy is the myelotoxicity and immunosup-
pressive effects. Frequent toxic events include fever and infec-
tions, which are particularly frequent in the first two years
following treatment. Therefore, care should be taken to use
prophylactic measures, such as cotrimoxazole to prevent Pneu-
mocystisi pneumonia and acyclovir to prevent herpes virus
re-activations. There are other complications, such as HBV re-
activation and, rarely, progressive multifocal leucoencephalopa-
thy (PML), which are of concern. The first dose of rituximab
is often associated with infusional symptoms (fever, chills,
hypotension, dyspnea, nausea, vomiting), which are manage-
able with acetaminophen or corticosteroid therapy. Subsequent
infusions of rituximab are usually uneventful. Late, usually tran-
sient and asymptomatic neutropenia can be observed in patients
treated with rituximab. Importantly, FCR (or similar regimens)
can be only safely given to younger and fit patients, who are a
minority within the population of patients with CLL.
Patients between 60 and 70 years of age poorly tolerate FCR.

Treatment alternatives include the combination of fludarabine
and rituximab (FR), FCR ‘lite’, pentostatin + cyclophosphamide
+ rituximab (PCR) or bendamustine and rituximab (BR). The
combination most widely recommended is BR. In a random-
ized trial comparing FCR versus BR, the ORR was identical in
both arms (98%), but the CR rate was higher with FCR (47%
versus 38%; p = 0.031). There was no difference in OS rate for
the FCR versus BR arms (94% versus 96% at 2 years p = 0.593).
Importantly, in patients ≥ 65 years, there were no differences
in median PFS between FCR versus BR (not reached versus 46
months; p= 0.757). FCR-treated patients had significantly more
frequent severe, grade 3 to 5, adverse events during the whole
observation period (91% versus 79%; p <0.001).

Elderly and unfit patients
Although defining who is an old person is difficult and subject
to permanent revision, 65–70 years of age is the cut-off used
to separate ‘younger’ from ‘older’ patients. Of note, CLL is a
disease that mainly affects subjects older than 70 years (>50%
of patients). Importantly, ‘biological’ rather than ‘chronological’
age should be taken into consideration when advising therapy.
However, only a small proportion of subjects older than 65–70
years can safely receive intensive cytotoxic therapy because of
frailty or comorbidity. Although a specific system for evaluation
of fitness in patients withCLL does not exist, a Cumulative Index
Rating Scale (CIRS) score >6 is used in some studies to identify
patients for whom intensive treatments are inappropriate.
Historically, chlorambucil has been the drug given to patients

who cannot safely receive more intensive treatments. However,
chlorambucil yields a small proportion of CRs (5–10%), and
although it improves symptoms, survival is not substantially
improved. The dose usually given ranges from 40 to 70 mg/m2

per month and is given intermittently (i.e. 10 mg/m2 per day for
7 days or 0.5 mg per kg every two weeks, in monthly courses);
the duration of the treatment depends on the degree of response,
but usually ranges from 6 to 12 months.
The addition of rituximab to chlorambucil results in better

responses and longer PFS than with chlorambucil alone. How-
ever, it is unclear whether survival is improved. Addition of a
novel anti-CD20 monoclonal antibodies (obinutuzumab or ofa-
tumumab) to chlorambucil results in an even greater improve-
ment in response rates and PFS in elderly patients, and initial
results suggest that OS might be improved with obinutuzumab
(Tables 27.9 and 27.10).
In a Phase III trial, 447 patients with previously untreated

CLL not eligible for fludarabine-based therapy were randomly
assigned to ofatumumab + chlorambucil versus chlorambucil
alone, each for up to 12 cycles. The addition of ofatumumab
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Table 27.10 Treatments for older, unfit patients.

Treatment Phase
No. of
patients

ORR
(%)

CR
(%)

PFS (median),
months

CLB + rituximab II 100 82 9 24
Bendamustine + rituximab II 117 88 23 33
Ibrutinib IB/II 31 71 13 96% at 2 months
Idelasilib + rituximab IB/II 64 97 19 93% at 2 months
CLB vs.
CLB + ofatumumab

III 221
226

69
82

1
12

13
22

CLB vs.
CLB + rituximab vs.
CLB + obinutuzumab

III 118
330
333

31
65
77

0
7
22

11
16
27

CLB, chlorambucil.

resulted in a higher rates of OR (82% versus 69%) and CR (12%
versus 1%) rates, longer median duration of response (22 ver-
sus 13 months), and longer median PFS (22 versus 13 months).
Based on this study, ofatumumabwas approved for use in combi-
nation with chlorambucil for the treatment of patients with pre-
viously untreated CLL who are not candidates for fludarabine-
based treatment.
In another trial, 781 elderly patients with previously untreated

CLL were randomized to receive single-agent chlorambucil
versus chlorambucil+rituximab versus chlorambucil + obinu-
tuzumab. The addition of rituximab to chlorambucil resulted
in superior OR (67% versus 30%) and CR (8% versus 0%),
althoughwith a higher incidence of severe (grade 3–4) neutrope-
nia (25% versus 15%), but similar rates of infection (11% versus
14%). At a median follow-up of 19 months, rituximab improved
progression-free survival (median 16 versus 11months), but not
OS. The combinations of rituximab + chlorambucil (or ben-
damustine) are accepted treatments for untreated patients with
CLL who are unfit for receiving fludarabine-based regimens.
Obinutuzumab and ofatumumab, each combined with chloram-
bucil, have not been compared directly in randomized trials.
A choice between these agents should take into consideration
availability, cost, patient comorbidity and clinician experience
(Table 27.10).
The immunomodulatory agent lenalidomide has proved to

be effective, particularly if combined with rituximab. In an
analysis from the MD Anderson group, based on 137 patients
with relapsed/refractory CLL treated on three sequential Phase
II studies of lenalidomide monotherapy, lenalidomide + ritux-
imab (LR) and lenalidomide + ofatumumab (LO), respectively,
the addition of CD20 monoclonal antibody was associated with
higher ORR (32% versus 66% versus 70% for lenalidomide
monotherapy versus LR versus LO, respectively) and longer
time-to-treatment failure (TTF) (median: 17 versus 16 months,
respectively) and a median survival of 21, 61 and 47 months,
respectively (p = 0.039). There was no significant difference

in toxicity comparing monotherapy to combination therapy.
Patients with complex metaphase karyotypes had inferior TTF
(6 versus 15 months) and survival (16 versus 61 months).
Lenalidomide is also investigated as an adjunct to chemo-
immunotherapy. Adverse events of lenalidomide include bone
marrow toxicity resulting in anaemia, neutropenia and throm-
bocytopenia. A typical reaction to lenalidomide is a ‘flare-up’
of the lymph nodes (sudden and painful increase of their size
along with fever and other general symptoms), although this is
well managed by anti-inflamatory agents and corticosteroids.
Also combinations of anti-CD20 monoclonal antibodies with
lenalidomide drastically reduce this complication. Lenalido-
mide, however, is not an approved agent for CLL treatment.
Alemtuzumab is an anti-CD52 monoclonal antibody effec-

tive in previously untreated CLL. Alemtuzumab, either alone or
in combination with high-dose methylprednisolone, has activ-
ity in del(17p) cases. Toxicities of alemtuzumab include rigours,
chills, fever, immunosuppression and lymphocytopenia. Oppor-
tunistic infections can be observed. Cytomegalovirus (CMV) re-
activation is a problem that deserves close monitoring and pre-
emptive therapy. Responses to alemtuzumab vary for different
disease sites, being higher in peripheral blood and bone marrow
than in spleen or lymphnodes. If used before allogeneic stem cell
transplantation, a time window of 2–3 months should be kept to
reduce the risk of graft failure because of T-cell depletion. Alem-
tuzumab is no longer licensed for CLL therapy, although it can
be obtained through a personalized CLL treatment programme.
Furthermore, its role in CLL therapy is decreasing, and eventu-
ally will probably disappear, due to the availability of new and
more effective agents such as ibrutinib and idelasilib.

Patients with high-risk disease
High-risk disease is defined by refractoriness to fludarabine-
based therapy, del(17p)/TP53 mutations or short time to
progression (<2–3 years) after treatment with a fludarabine-
based regimen and, particularly, chemoimmunotherapy. The
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Table 27.11 BTK-targeting agents for CLL therapy.

Treatment
No. of
patients Risk

ORR
(%)

CR
(%) PFS OS

Ibrutinib
(PCYC-1102)

85 R/R 68–88 2 57–93 (2 yr) 70–93 (2 yr)

Ibrutinib
(PCYC-1103/1102)

101 R/R 56–81 NA 46–68 (30 m) 66–80 (30 m)

Ibrutinib
(RESONATE)

195 R/R 43–66 NA 83–88 (6 m) 90 (12 m)

Ibrutinib + rituximab 40 HR 90–100 10 78 (18 m) 84 (18 m)
Ibrutinib + rituximab + bendamustine 30 R/R 93 17 78 (15 m) NA
CC-292 66 R/R 25–40 NA NA NA

HH, high-risk; m, months; NA, not available; R/R, relaps/refractory; yr, years.

outcome of these patients is extremely poor (median survival
<2 years) and their management a challenge. Alemtuzumab
(discussed above) is also effective, albeit transiently, in patients
with del(17p)/TP53 mutations. Ofatumubab is an approved
treatment for patients refractory to fludarabine and alem-
tuzumab. The role of BCR-signal inhibitors, BCL2 antagonists
and haemopoietic stem cell transplantation in the treatment of
high-risk disease is discussed below.

Patients with relapsing disease
Disease relapse is not by itself a criterion to re-initiate treat-
ment, and only patients with relapsed and progressive disease
should be treated (see Criteria to start therapy). The type of
intervention will depend on several factors, of which the most
important are the PFS length and the modality of prior ther-
apy. Not surprisingly, the shorter the PFS, the poorer the out-
come. A PFS inferior to 2–3 years indicates poor-risk disease
in patients treated with fludarabine-based regimens (see High-
risk disease). Conversely, in patients with a longer PFS, the
prognosis is not considered poor, and most guidelines consider
that such cases can be re-treated with the initial therapy. How-
ever, the case can be made as to whether changing the type of
therapy, even when the PFS has been long, is not a preferable
approach. Furthermore, repeating treatment with FCR is hardly
feasible because of undue bone marrow toxicity. A regimen con-
taining an anti-CD20 monoclonal antibody should be consid-
ered in those cases not having received it previously. Accepted
treatments for relapsed/progressing patients include RB, ofa-
tumumab, ofatumumab + chlorambucil, idelasilib + rituximab
and ibrutinib (Table 27.10). There is not enough experience to
know the most appropriate treatment for patients progressing
after treatment with ibrutinib, idelasilib or BCL2 antagonists
(see further on).

BCR-signal inhibitors and BCL2 antagonists
A major breakthrough in the treatment of CLL has been the
arrival of agents specifically targeting the B-cell antigen recep-
tor (BCR inhibitors, BCRi) or antagonizing the antiapoptotic
protein BCL2 (BCL2 antagonists, BCL2a). BCR signalling is a
key component of B-cell and CLL-cell proliferation and sur-
vival. This is mediated through a complex series of tyrosine
kinases, which modulate signals from the CLL cell surface to
the nucleus. Two specific targets within this pathway are par-
ticularly relevant – the delta isoform of phosphatidylinositol-
3-kinase (PI3Kδ), which is inhibited by idelalisib (formerly
known as CAL-101 or GS-1101), and Bruton’s tyrosine kinase
(Btk), which is irreversibly inhibited by ibrutinib (Figure 16.13;
Chapter 16).
The ORRs for ibrutinib and idelalisib in relapsed/refractory

patients are respectively 48–71% and 39% if used as monother-
apy. If ‘partial remissions with persistent lymphocytosis’ are con-
sidered, the response rate to ibrutinib is over 90%. The ORR is
further increased by combining these agents with chemotherapy
and/or anti-CD20 antibodies (Tables 27.10, 27.11 and 27.12).
A feature of inhibiting BCR signalling is that there is a re-
distribution of CLL from the tissue to the blood in the early
weeks of therapy. This is manifest by a very rapid reduction in
nodal disease and increase in peripheral blood lymphocytosis,
which can take several months to resolve. Despite this lympho-
cytosis, most patients feel very well in themselves. Both idelal-
isib given with rituximab and ibrutinib monotherapy are orally
available.
BCRi have shown to be the most effective agents to treat

CLL with del(17p)/TP53 mutations. In a randomized trial
involving 220 patients with relapsed CLL, including 44% with
del(17p)/TP53 mutations, comparing idelasilib + rituximab to
placebo+ rituximab, theORR rates (81% versus 13%) and PFS at
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Table 27.12 PI3Kδ-targeting agents for CLL therapy.

Treatment
No. of
patients Risk group

ORR
(%)

CR
(%)

PFS
(%)

OS
(%)

Idelasilib 54 R/R 24–72 0 5–41 75 (36 m)
Idelasilib +
rituximab (ofatumumab)

40 R/R 73–83
NA

8 19–20 (20 m) NA

Idelasilib + rituximab/BF o C 45 R/R 70–83 2 NA NA
Idelasilib (pooled analysis) 168 R/R 67–83 5 NA NA
IPI-145 52 R/R 47–50

NA
5 NA NA

R/R, relapse/refractory; m, months; NA, not available.

6 months (93% versus 46%) strongly favored the idelalisib+ rit-
uximab arm. In addition, investigators from the Ohio State Uni-
versity reported a retrospective study on 174 patients with CLL
harbouring del(17p). After a median follow-up of 12 months,
1-year PFS and OS in the 27 patients treated with ibrutinib
were 77% and 81%, respectively, and thus significantly supe-
rior to that of the 58% and 89% of patients treated with cyclin-
dependent kinase inhibitors or conventional regimens. Alto-
gether, the effectiveness of BCRi seems to result in a longer dis-
ease control of relapsed/refractory CLL, even in the presence of
high-risk criteria, than with any other currently available treat-
ment with the possible exception of allogeneic transplantation.
Similarly, ibrutinib monotherapy resulted in significantly better
ORR, PFS and OS when randomized against ofatumumab in a
prospective trial enrolling 391 patients with refractory/relapsed
CLL. Importantly, these agents have a relatively favourable toxi-
city profile. The most severe and potentially fatal adverse effects
of ibrutinib are thrombocytopenia, diarrhoea, upper respiratory
tract infections, neutropenia, and anaemia. Ibrutinib may cause
atrial fibrillation, particularly in patients with high-risk cardio-
vascular factors. In addition, ibrutinib should not be given to
patients receiving anticoagulation, because of the risk of bleed-
ing. Mutations of C481S-BTK are linked to the mechanisms of
refractoriness to and progression upon therapy with ibrutinib.
‘Black box’ warnings for idelasilib include hepatic failure, severe
diarrhea, colitis and pneumonitis, with some fatal cases of these
complications having been reported. CC-292 toxic effects are
mild or moderate diarrhoea, nausea, hypertension and fatigue.
The BCL2 inhibitor, ABT-263, demonstrated very high

response rates in relapsed, refractory CLL, but its tolerability was
limited by an inevitable thrombocytopenia due to it inhibiting
BCLXL as well as BCL2, since BCLXL is expressed in platelets.
The next-generation BH3 mimetic, ABT-199 (or GDC-0199), is
muchmore specific for BCL2, does not inhibit Bcl-XL and there-
fore does not result in thrombocytopenia. ABT-199 monother-
apy has an overall response rate in relapsed, refractory CLL of

approximately 85% without the lymphocytosis. An unexpected
complication of ABT-199 was tumour lysis syndrome (TLS),
which has meant a much more gradual escalation of the initial
dosing to make this manageable. In addition, mild to moderate
gastrointestinal complications and respiratory infections appear
to be frequent. The few cases of higher-grade toxicity are largely
due to neutropenia.

Role of haemopoietic cell transplantation
Autologous transplants are not useful in CLL. Allogeneic stem
cell transplantation exerts its therapeutic effect through the
T-cell antileukaemia-mediated effect (graft-versus-leukaemia)
and overcomes the negative impact of poor prognostic factors
such as del(17p). In most series, the PFS and OS are around
60% and around 40%, respectively. These results are indepen-
dent of whether the donor is a family sibling or an unrelated
donor. However, the procedure-related mortality, even if using
reduced-intensity conditioning regimens in experienced insti-
tutions, is around 10% at 1 year and 30% at 3 years from the
transplant. Most deaths are due to graft-versus-host-disease and
its complications. Disease relapses can be observed, but they are
rare beyond 4 years from transplant. Transplant results are better
in younger patients, with no comorbidity, transplanted in remis-
sion and receiving a transplant from a fullymatchedHLAdonor.
The effectiveness of BCRi and BCL2a makes it necessary to

reconsider the place of allogeneic stem cell transplantation in
the treatment algorithm of patients with high-risk CLL. BCRi
have been shown to be highly effective in patients with high-risk
disease. In a position paper from ERIC and the European Bone
MarrowTransplantationGroup (EBMT) it is recommended that
all patients with high-risk disease are initially treated with BCRi
or BCL2a. If no response is obtained, allogeneic transplanta-
tion should be considered. If a response is obtained, there are
two possibilities: either to continue with the drug with which
the response has been achieved or to perform a transplant.
Treatment recommendations should be made on an individual
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basis. Factors potentially favouring immediate transplantation
are: (1) coincidence of relapsed/refractory high-risk CLL with
del(17p)/TP53 mutations and/or del(11q); (2) younger age, no
significant comorbidity (comorbidity), (3) bone marrow dys-
plastic features and cytogenetic abnormalities consistent with
secondary MDS/AML; (4) availability of a well-matched donor.
Conversely, factors supporting HSCT deferral are: (1) absence
of a relapsed/refractory situation, (2) relapse/refractory disease
in the absence of del(17p)/TP53 mutations and del(11q); (3)
age >70 years, significant comorbidity or (4) only a partially
matched or mismatched donor available. Treating physicians
need to keep inmind that allotransplantation should not be con-
sidered as a last, desperate attempt in refractory and heavily pre-
treated patients, when the possibilities of a successful transplant
are very few.

CAR-T cells
Chimeric antigen receptors (CARs) usually combine the antigen
binding site of a monoclonal antibody with the signal activating
machinery of a T-cell, freeing antigen recognition from major
HLA complex restriction and thus breaking one of the barri-
ers to more widespread application of cellular therapy (Chap-
ter 16). T cells expressing CARs are highly targeted, move to
tumour sites, undergo in vivo expansion and persist for long
periods of time. The most frequent antigen target for CAR-T
cells is CD19, although ROR-1, which is specific for CLL, is
an appealing target, which is being actively investigated, along
with other alternatives (e.g. double antigen targeting). In a non-
systematic review of the literature, 44 patients treated with ibru-
tinib were identified. The overall response rates were: CR 18%
and PR 25%. CAR-T cells can trigger cytokine-release syndrome
(hypotension, rigors, muscle aching, fever, anorexia). To pre-
vent cytokine-release syndrome, chemotherapy is given before
the infusion of CAR-T cells. Other important toxic events are
profound and long-lasting hypogammaglobulinaemia andB-cell
depletion. Further studies refining CAR-T cell therapy for CLL
are needed. Also, clinical expertise and a broad range of support-
ing measures are needed to embark on this form of therapy.

Criteria for response
The following response categories are recognized:
� Complete response (CR)

� CRMRD-negative
� CRMRD-positive

� Complete response incomplete (CRi)
� Partial response (PR)
� Nodular partial response (PRn)
� Partial response with lymphocytosis (PRL)
� Stable disease (SD)
� Progressive disease (PD).
The achievement of CR requires normalization of blood

counts and normal bone marrow as assessed by biopsy. Since
cleaning up bone marrow from the disease can take time, the

bone marrow biopsy should be performed 3 months after com-
pleting therapy. In clinical trials, it is recommended to further
assess CR by measuring MRD. Thus there are two types of CR:
MRD-negative andMRD-positive, the outcome of patients with
the latter not being as good as in those with MRD-negative CR.
Immunohistochemistry should always be performed if resid-
ual nodules are present in bone marrow biopsy. CT should be
repeated only if it was abnormal at the start of therapy. Incom-
plete CRdenotes cases with persistent anaemia, thrombocytope-
nia or neutropenia, due tomyelotoxicity, whootherwise fulfil the
criteria for CR. If the bone marrow is hypocellular, it is recom-
mended that the biopsy be repeated once the blood counts have
recovered. Not infrequently, the degree of response improves
over time.
Nodular PR defines cases that fulfil CR criteria, but with

discrete or moderately large nodules in bone marrow. In this
context, it is important to carry out immunohistochemistry,
as in some patients, the nodules may contain mainly T cells
rather than B cells. PR requires the regression of at least 50%
organomegalies and abnormal blood cell counts. Treatment with
BCRi results in a transient blood lymphocytosis that should
not be confused with treatment failure and disease progression.
Because of this treatment-related effect, a response category
named PR with lymphocytosis is accepted in patients treated
with BCRi. SD refers to no changes in clinical status, and PD to
progression in signs and symptoms with respect to those present
at treatment initiation.

Other B-cell chronic disorders

B-cell prolymphocytic leukaemia

B-cell prolymphocytic leukaemia (B-PLL) is an extremely rare
disorder the individuality, and even existence, of which is being
reconsidered. In fact, most cases of B-PLL correspond to MCL
in leukaemic phase. The diagnosis is mainly based on mor-
phology and cell markers (Table 27.2). Studies addressing dif-
ferences in gene expression profiling between B-PLL and CLL
have yield discordant results. The mean age of patients is 70
years and the chief presenting features are splenomegaly with-
out lymphadenopathy and a high WBC count, usually >100
× 109/L. Anaemia and thrombocytopenia are seen in at least
50% of cases. Other laboratory findings are no different from
high-WBC-count CLL, but the incidence of a monoclonal band
appears to be higher than in CLL.
The main diagnostic criterion is the identification of pro-

lymphocytes as the predominant population in blood films. A
percentage of prolymphocytes >55% is the arbitrary cut-off to
diagnose B-PLL. The prolymphocyte is twice the size of a small
CLL lymphocyte, has moderately condensed nuclear chromatin,
a prominent central nucleolus and a lower nucleus-to-cytoplasm
ratio than CLL cells (Figure 27.8).
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Figure 27.8 Typical blood film from a case of B-prolymphocytic
leukaemia with the characteristic large size, abundant cytoplasm
and prominent nucleolus.

Alkylating agents are of little value. Splenectomy can remove
a major proliferative focus and tumour bulk in order to relieve
hypersplenism and facilitate further therapy, but is not a prac-
tical proposition in elderly and unfit patients. There are insuf-
ficient data in B-PLL on the use of fludarabine combinations,
including those using monoclonal antibodies, e.g. FCR, FCMR.
R-CHOP, BR is a treatment alternative, and in younger patients
allogeneic stem cell transplantation should be considered.

Hairy-cell leukaemia

Hairy-cell leukaemia (HCL) accounts for 3% of all leukaemia
and is a well-recognized clinicopathological entity that affects
males more frequently than females (ratio 4:1), usually over the
age of 60 years. The disease features result from the pancytopenia
that most patients present. Anaemia is due to the reduced bone
marrow production and splenic pooling; haemolysis is excep-
tional. TheWBC countmay be low, normal or high (rarely above
20 × 109/L), but neutropenia and monocytopenia are constant,
as is an increasedMCV. Patientswith lowWBCcount andno cir-
culating hairy cells present diagnostic problems, a bone marrow
biopsy being necessary for diagnosis. Platelet counts are below
100 × 109/L in most cases. HCL should be considered in the dif-
ferential diagnosis of any single patient with pancytopenia.
The main physical sign is splenomegaly. Lymphadenopathy is

rare at diagnosis, but can be observed in advancedHCL. Routine
CTmay show a higher incidence than hitherto suspected of large
abdominal nodes. These are more common in relapsed patients
and those with long-standing HCL and tend to correlate with
bulky disease at presentation.
The recognition of typical hairy cells in peripheral blood films

is useful for suggesting the diagnosis.However, since the number
of hairy cells in blood is usually low, a high degree of suspicion
is required tomake the diagnosis, and ultimately a bonemarrow

Figure 27.9 Individual hairy cells from blood films from two
patients with HCL.

biopsy is required. Hairy cells are large, twice the size of a nor-
mal lymphocyte, and have abundant cytoplasm (low nucleus-to-
cytoplasm ratio) that is characteristically villous in its outline
(Figure 27.9). The nucleus is round, oval or slightly indented,
and occasionally bilobed. A smooth nuclear chromatin, absence
of a visible nucleolus and low nucleus-to-cytoplasm ratio are
hallmarks of typical hairy cells. Cells from the rare HCL vari-
ant have similar cytoplasmic features, but have a round nucleus
with more condensed chromatin and a distinct nucleolus (Fig-
ure 27.10). A typical HCL immunophenotype includes pan-B-
cell markers (CD19, CD20, CD22) with coexpreesion of CD11c,
CD25, CD103, CD123 and CD200. BRAF mutations are a typi-
cal feature (Table 27.2).
In a characteristic manner, bone marrow aspirates are unsuc-

cessful, as no fragments and few cells are obtained. Therefore,
a trephine biopsy is essential. It shows diffuse interstitial infil-
tration of variable degree; occasionally the infiltration is focal.

Figure 27.10 Blood film from a case of HCL variant showing large
nucleolated villous cells, one of them binucleated.
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Figure 27.11 Bone marrow trephine section of a case of HCL
showing the typical clear zone around the hairy cells in a
paraffin-embedded section.

A typical feature is the arrangement of the cellular infiltrate,
which is loose, leaving plenty of space between cells, often with
a clear zone around each cell, which is unique to this condition
(Figures 27.11 and 27.12). Reticulin is always increased and the
cells stain strongly with anti-CD20. Hypocellular bone marrows
can be observed, which along with the pancytopenia may
raise the possibility of aplastic anaemia as a diagnosis. In cases
with hypoplastic marrows, immunohistochemistry (e.g. CD20,
annexin1, DBA44, CD11c) is important for demonstrating
clusters of hairy cells, as it is in assessing response after therapy.
Residual marrow disease is virtually observed in all cases,
including those seemingly in CR.
Spleen histology shows distinct diagnostic features: infiltra-

tion by mononuclear cells with a blunt nucleus in the red
pulp with little residual white pulp, and formation of pseudo-

Figure 27.12 Bone marrow trephine from a case of HCL: section
embedded in methacrylate giving good morphological detail of the
hairy cells.

sinuses filled with erythrocytes. Tartrate-resistant acid phos-
phatase (TRAP) demonstrated on hairy cells corresponds to a
unique isoenzyme 5 and is specific for HCL. This enzyme is now
tested by means of a monoclonal antibody, which can be used in
bone marrow biopsies.
The HCL variant (HCLv) is very rare and is characterized

by a high WBC count (50–80 × 109/L) and splenomegaly. The
cells are irregular, large nucleolated villous cells (Figure 27.10).
Immunophenotypically, these cells do not express CD25, CD123
or CD200 and the MCV is normal. The main diagnostic diffi-
culty in HCL variant is with SMZL, except for spleen histology,
which in the formermainly involves the red pulp and in the latter
thewhite pulp.HCLv is better regarded as a formof splenic small
cell lymphoma/leukaemia, which along with splenic diffuse red
cell lymphoma, is pending further characterization.
Treatment is indicated in presence of active disease. The

main objectives of treatment are the normalization of blood
counts (pancytopenia is the main source of complications) and
to induce prolonged CR. The two agents currently used in HCL,
pentostatin and cladribine, achieve CR in 80–85% of patients.
Long-term results are excellent, with very few patients actu-
ally dying of HCL. Splenectomy and interferon are treatment
approacheswhose interest ismainly historical, although they can
be useful in selected cases in which cytotoxic therapy is not fea-
sible.
Monoclonal antibodies against CD20 (rituximab) and CD22

(coupled with an immunotoxin) are active in HCL. Hairy cells
strongly express CD20 and CD22, and these antibodies seem to
achieve good responses in the group of relapsing patients. Its
main rolemay be, as in other B-cell disorders, whenused in com-
binationwith purine analogues. Elderly patientsmay also benefit
from antibodies like rituximab as they do not cause myelotoxi-
city. However, since almost all cases have an activating BRAF
mutation, a BRAF inhibitor (i.e. vemurafenib) has been shown
to be effective.
Patients with the controversial diagnosis of HCL variant

respond less well to cladribine and pentostatin and not at all to
interferon-α. Palliation of symptoms and improvement in blood
counts can be achieved with splenectomy, which has been the
most successful modality in this relatively resistant disease.
Supportive care for HCL is confined to patients undergoing

therapy with nucleoside analogues, which can cause transient
neutropenia in the early phases and prolonged lymphocytope-
nia later on. Long-term cotrimoxazole until lymphocyte counts
rise above 1 × 109/L and also long periods on acyclovir are rec-
ommended. Major infections are only seen in treated patients or
those responding poorly to therapy.

The leukaemic phase of indolent NHL

There are three types of NHL which not infrequently evolve
with lymphocytosis that mimics, and can be confused with,
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CLL: follicular lymphoma, SMZL (formerly described as splenic
lymphoma with circulating villous lymphocytes) and MCL.
In most cases the clinical picture is dominated by an enlarged
spleen, hence the term ‘primary splenic lymphomas’ is used by
some authors to refer collectively to these entities (see Chapters
31, 33).

Follicular lymphoma

Around 15% of patients with follicular lymphoma may have
circulating lymphoma cells (5–20 × 109/L), and this correlates
with bonemarrow involvement. The proportion of patients with
inconspicuous blood involvement is much higher, as demon-
strated by flow cytometry or molecular techniques (BCL-2
detection). A minority of patients may present with a WBC
count in excess of 40 × 109/L (up to 200 × 109/L) and exten-
sive disease, generalized lymphadenopathy, hepatomegaly and a
prominent splenomegaly. Usually the circulating cells are very
small, with almost no visible cytoplasm, the nuclear chromatin
is smooth without clumps of heterochromatin and no visible
nucleolus, and the nuclear shape is angular and has a small cleft
(Figure 27.13). Lymph node histology is essential for confirming
a diagnosis of follicular lymphoma. Patientswith very highWBC
counts may have a poor prognosis; cases with a minor degree
of spill-over behave better, as do cases without circulating cells.
Late-stage follicular lymphomamay have circulating blasts (cen-
troblasts) characterized by a peripherally located nucleolus, and
this corresponds with histological transformation to a large-cell
lymphoma or the so-called blastic form of follicular lymphoma.
The immunophenotypic characteristics of follicular lymphoma
cells are shown in Table 27.2 (see Chapter 33).

Figure 27.13 Blood film of a patient with follicular lymphoma
presenting with significant lymphocytosis. The cells show a cleaved
nucleus, angular shape, homogeneous chromatin pattern, high
nucleus-to-cytoplasm ratio and small size.

Splenic marginal zone lymphoma

Two-thirds of patients with splenic marginal zone lymphoma
(SMZL) (1–2% of all lymphomas) have circulating villous lym-
phocytes. A minority does not have frankly villous cells despite
being clonal, and in some the diagnosis can only be established
after splenectomy. The true incidence of this condition without
circulating villous cells is unknown. The boundaries of this dis-
order with the HCL-variant and B-cell splenic lymphoma with
red pulp involvement have not been settled.
Themedian age of patients is around 70 years and themajority

present with splenomegaly. Anaemia and/or thrombocytopenia
are seen in 40% of cases. One-third have a serum monoclonal
band, usually IgMbelow 30 g/L. Diagnosis is suspected on a typ-
ical blood film (Figure 27.14) showing small lymphocytes with
an irregular membrane outline and short villi, often confined to
one pole of the cells. The immunophenotype (see Table 27.2) is
different from CLL. SMZL cells can be distinguished from HCL
and the HCL variant (now separated as a form of splenic lym-
phoma) because they are negative for CD103 and CD123 but are
always positive for CD11c.
Bone marrow aspirates may show the same cells as in the

blood, with variable degrees of infiltration. A distinct pattern of
intrasinusoidal infiltration is characteristic of SMZL, which can
be highlighted with anti-B-cell antibodies (CD20, CD79a). This
pattern of infiltration is less common in other types of NHL and
is not seen in CLL. In addition, the pattern of bonemarrow infil-
tration can be nodular, interstitial and/or paratrabecular.
The spleen histology shows a characteristic bizoned pattern

in the white pulp, with a central zone of small lymphocytes with
scanty cytoplasm and a peripheral zone of larger cells with more
dispersed chromatin and more abundant cytoplasm. The red
pulp is always infiltrated by both the smaller and the larger cells.

Figure 27.14 Lymphocytes from a case of SMZL. Villous
lymphocytes are observed.
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Plasmacytoid differentiation may be seen and transformation
into large-cell lymphoma occurs in 10% of cases.
There is no unique cytogenetic abnormality in SMZL, but

unbalanced translocations and deletions of 7q22–32 have been
described in about 30%; 50% of cases have a monoallelic dele-
tion at 13q14. Trisomy 3, an abnormality also seen in extra-
nodalmarginal zone lymphoma, has been found in 17% of cases.
Abnormalities of TP53 (mainly deletions) are found in around
15% and are associated with worse prognosis. In lymphoplasma-
cytic lymphoma MYD88 (L265P) mutation is found in almost
100% of cases, whereas such mutation is infrequent in SMZL.
An association with hepatitis C has been reported, particu-

larly in the form ofmixed cryoglobulinaemia, but its incidence is
unknown. Interferon-α has been reported to induce CR in some
hepatitis-C-positive SMZL patients. An association with hyper-
reactive malaria and tropical splenomegaly has been described
in African cases.
Splenectomy is the treatment of choice when the spleen

is a prominent feature. Splenectomized patients fare signifi-
cantly better than those treated with chemotherapy only, per-
haps reflecting a higher tumour mass in those patients requiring
chemotherapy. Rituximab-based regimens have been reported
to induce remissions. In most cases, the overall survival is supe-
rior to 10–15 years (see Chapter 33).

Mantle cell lymphoma

Blood and bone marrow involvement are common in MCL
and can be demonstrated in almost 100% of cases if sensitive
enough flow cytometry and immunohistochemical techniques
are used. Close to 40% of cases evolving with splenomegaly have
significant lymphocytosis, sometimes mimicking atypical CLL
(Figure 27.15). The presence of blastic cells and high labelling
by Ki-67 are the most important prognostic factors. Marker

Figure 27.15 Blood film from a patient with mantle-cell
lymphoma and lymphocytosis. The cells are medium size, slightly
irregular in shape and have a speckled nuclear chromatin pattern.

studies show that MCL cells are always positive for CD5, CD19
and CD20, but negative for CD23 and also CD200 (Table 27.2).
The bone marrow biopsy shows a rather monotonous infiltra-
tion by slightly irregular cells. In contrast with CLL, no prolifer-
ating centres are seen inMCL. The pattern of bonemarrow infil-
tration is often diffuse in advanced cases, but in other instances is
nodular and/or paratrabecular. The characteristic translocation
t(11;14)(q13;q32) is demonstrated in all cases by conventional
cytogenetics or by FISH. The rearrangement of theCCND1 gene
at 11q13 results in the over-expression of cyclin D1, one of the
proteins that controls the cell cycle. Cyclin D1 can be demon-
strated in histological sections. Presence of SOX11 is also a typ-
ical feature of MCL (see Chapter 33). The numbers of prolifer-
ating (Ki-67 positive) as well as blastic cells are strong outcome
predictors.
Not all cases of MCL require therapy at diagnosis. In some

instances, particularly females in which the clinical picture is
dominated by splenomegaly, the clinical course can be rela-
tively indolent. These patients can be followed with no ther-
apy for months, and their outcome is superimposable on those
treated immediately after diagnosis. Once treatment is required,
rituximab-based therapy, including high doses of cytarabine and
cyclophosphamide is the most widely used treatment, and stem
cell transplantation should be considered in fit patients. No dif-
ferences in outcome have been observed between autologous
and allogeneic transplants. Bortezomib has shown effectiveness
in trials. Ibrutinib is highly active and has been approved for
MCL treatment, and is likely to change the treatment landscape
for MCL.
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28T-cell lymphoproliferative disorders
Pier Luigi Zinzani and Alessandro Broccoli
Institute of Haematology “L. e A. Seràgnoli”, University of Bologna; Bologna, Italy

Introduction

Chronic T-cell lymphoproliferative disorders are a group of neo-
plastic diseases that result from the clonal proliferation ofmature
post-thymic T-lymphocytes, being therefore clearly separated
fromdiseases arising fromT-cell (prethymic or thymus-derived)
precursors, such as T-cell acute lymphoblastic leukaemia and
lymphoblastic lymphoma.
The World Health Organisation (WHO) classification pro-

vides clear definitions for the diagnosis of the major subtypes
of T-cell lymphoproliferative disorders, which are classified on
the basis of their clinical behaviour (indolent versus aggressive)
and presentation (nodal, extranodal or leukaemic). Mycosis
fungoides and primary cutaneous CD30+ T-cell lymphopro-
liferative disorders represent extranodal (cutaneous) diseases
with a prolonged natural history; conversely, anaplastic large-
cell lymphoma, angioimmunoblastic T-cell lymphoma and
peripheral T-cell non-Hodgkin lymphoma, not otherwise
specified, to cite the most relevant, represent the aggressive
nodal counterpart. Enteropathy-associated T-cell lymphoma
and hepatosplenic T-cell lymphoma have an extranodal pre-
sentation and usually behave aggressively, as well as some rarer
cutaneous T-cell lymphoma entities, such as primary cutaneous
aggressive epidermotropic CD8+ T-cell lymphoma and cuta-
neous γ/δ T-cell lymphoma. T-prolymphocytic leukaemia and
large granular lymphocyte leukaemia are indeed diseases with
a primary leukaemic presentation, as they arise in the bone
marrow and then evolve with a peripheral blood leukaemic
presentation. Finally, Sézary syndrome may be considered as
the leukaemic phase of a T-cell cutaneous lymphoma, since the
tumour arises in an extranodal organ – i.e. the skin – but also
displays a characteristic leukaemic picture.

This chapter focuses on the most significant clinical enti-
ties, by grouping together chronic T-cell leukaemias, periph-
eral T-cell non-Hodgkin lymphomas and cutaneous T-cell
non-Hodgkin lymphomas, and provides the description of dis-
ease features and morphology, the basis for their diagnosis and
the therapeutic approaches, with a closer look at new molecules
and innovative treatment strategies.

Chronic T-cell leukaemias

Two distinct chronic T-cell lymphoproliferative disorders
present with a primary leukaemic phase: T-prolymphocytic
leukaemia (T-PLL) and large granular lymphocyte (LGL)
leukaemia.

T-prolymphocytic leukaemia

T-PLL is a rare, post-thymic, mature T-cell neoplasm, account-
ing for 2% of mature lymphoid leukaemias. It generally displays
an aggressive clinical course, with only a minority of patients
being asymptomatic at presentation. Disease progression may
occur rapidly, even in asymptomatic patients. Older adults are
generally affected (median age of 61 years), with amale predom-
inance.

Clinical features
Splenomegaly, seen in almost two-thirds of patients, andmarked
peripheral blood lymphocytosis, with circulating prolympho-
cytes, are distinctive clinical aspects. Hepatomegaly and lym-
phadenopathies may be seen in up to half of patients, as well as
skin nodules, maculopapular rash or erythroderma. Peripheral
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oedema (periorbital or conjunctival), pleuroperitoneal effusions
or central nervous system involvement may also be present,
especially during disease progression. Anaemia and throm-
bocytopenia are usually documented, along with a lactate-
dehydrogenase elevation.

Diagnosis
It is established on both morphological and immunophenotyp-
ing tests (see also Chapter 19). Prolymphocytes are medium-
sized cells, displaying a high nuclear-to-cytoplasm ratio, with
round, oval, irregular or convoluted nuclei, and a single
prominent nucleolus; the cytoplasm is agranular, with blebs
(Figure 28.1). In up to 20% of cases, prolymphocytesmay resem-
ble small lymphocytes or show a cerebriform nuclear appear-
ance. Bone marrow is constantly infiltrated, with a diffuse and
interstitial pattern, as well as the spleen, which shows an expan-
sion of both red and white pulp. Tissue histology, however, is not
mandatory for diagnosis. Immunophenotyping by flow cytom-
etry demonstrates a positivity for CD7 (strong), CD5 and CD2,
with lack of expression of TdT and CD1a. CD52 is expressed at
high density. T-cell receptor β/γ genes are rearranged in all cases.

Therapy
Since the disease is, most of the time, symptomatic, clinically
aggressive and rapidly progressive, a prompt initiation of a
systemic treatment is required. Intravenous alemtuzumab, a
humanized anti-CD52 antibody, is the first-line treatment of
choice, yielding up to an 80% of complete response in treatment-
naı̈ve patients. Although prolonged responses to alemtuzumab
have been documented, all patients do eventually relapse: there-
fore, a consolidation with an allogeneic stem cell transplanta-
tion in first remission may offer a chance for a better long-
term survival. Autologous stem-cell transplantation may also
be beneficial for patients, but it does not result in a cure.
Re-treatment with alemtuzumab at disease relapse is feasible
if remission duration is longer than 6 months. Purine ana-
logues, such as pentostatin, nelarabine or fludarabine may be

a good treatment alternative, with some evidence of activity
in T-PLL.

Prognosis
Response to alemtuzumab is the main outcome predictor: non-
responders have a median survival of only 4 months. Five-year
overall survival is nearly 21%, with high white cell counts, older
age and short lymphocyte doubling time being adverse prognos-
tic factors.

Large granular lymphocyte leukaemia

LGL leukaemia is characterized by the clonal expansion of large
granular lymphocytes, both of T (T-LGL) or natural killer (NK-
LGL) origin. The 2008 WHO classification includes T-LGL in
the subgroup of mature peripheral T-cell and NK-cell neo-
plasms, along with a provisional entity termed chronic lympho-
proliferative disorder of NK cells, and a clinically distinct dis-
ease, which is the aggressive NK-cell leukaemia.
The frequency of the disease has never been accurately estab-

lished; however, it ranges from 2 to 6% of the chronic lympho-
proliferative disorders. Men and women are equally affected, at
a median age of 60 (range 12–87) years, with less than 25% of
patients being younger than 50 years.
The aetiology remains unclear, although a prolonged response

to an antigenic (possibly viral) stimulus may be hypothesized. A
dysregulated apoptosis has been documented as the most rele-
vant pathogenetic mechanism, with leukaemic LGLs being able
to escape a Fas-FasL-mediated cell death.

Clinical features
The disease displays a chronic and indolent course, although at
least two-thirds of patients are symptomatic at diagnosis. Clin-
ically relevant aspects are similar for both T- and NK-LGL,
and are represented by peripheral cytopenias, namely neutrope-
nia and anaemia; splenomegaly (in up to 50% of cases), with-
out hepatomegaly or lymphadenopathy; rheumatoid arthritis in
11 to 36% of patients, with a positive rheumatoid factor and
the detection of antinuclear antibodies (along with polyclonal

(a) (b)

Figure 28.1 Peripheral blood smear
showing T-prolymphocytes. (a) Nuclei are
round to markedly irregular (indented,
cerebriform), the chromatin is clumped,
with inconspicuous nucleoli. (b) Blebs and
cytoplasm protrusions are easily seen.
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hypergammaglobulinemia) in 40 to 60% of patients (less fre-
quently observed in NK-LGL) and recurrent infections associ-
ated with neutropenia, which account for a mucocutaneous or
respiratory involvement. Anaemia may be severe, due to mul-
tiple mechanisms, including autoimmune haemolysis and pure
red cell aplasia, and may require transfusion support. Lympho-
cytosis (>4 × 109/L) is seen in more than half of patients, with
mean circulating LGLs varying from 0.5 to 10 × 109/L. Bone
marrow involvement is documented in more than 70% of cases,
without any linear correlation between the extent of marrow
infiltration and the severity of symptoms or cytopenias.

Diagnosis
Diagnosis is established once an increased number of clonal
LGLs is documented in a compatible clinical context, both mor-
phologically and by immunophenotyping. LGLs are larger than
quiescent lymphocytes, and show an abundant cytoplasm with
azurophilic granules and a reniform or round nucleus. A periph-
eral count of >2 × 109/L LGLs is a diagnostic criterion; in case
of lower LGL counts, a bone marrow biopsy (showing intersti-
tial infiltration with linear arrays of CD8, granzyme B, perforin,
TIA-1 positivity) is recommended to confirm the diagnosis.
T-LGLs are CD3+, CD8+, CD57+, CD5dim, CD45RA+, and
show evidence of clonal T-cell receptor γ gene rearrangement
(which makes the distinction from reactive LGL proliferation).
On the other hand, NK-LGLs are CD3–, CD2+, CD4–, CD8+,
CD16+, CD56+ and CD57±.

Therapy
Therapy should be instituted in case of severe neutropenia (neu-
trophils <500/μL), recurrent infections (regardless of the abso-
lute neutrophil count), symptomatic or transfusion-dependent
anaemia or associated immune diseases (mainly rheumatoid
arthritis). No standard treatment exists; however, immunosup-
pressive treatments represent the mainstay of therapy. Single-
agent methotrexate (10 mg/m2/week, orally) is adequate for
patients with neutropenia and arthritis, to be administered
for at least 4 months before response assessment. For those
with anaemia or pure red cell aplasia, oral cyclophosphamide
at a daily dose of 50–100 mg for at least 4 months (up to
12 months in responding patients) is the treatment of choice,
comparing favourably with methotrexate in terms of response
rates (66 and 55%, respectively). Ciclosporine A is an alter-
native first-line therapy in patients with anaemia and a suit-
able second-line, to be maintained indefinitely, as long as it is
tolerated.

Prognosis
LGL leukaemia generally behaves indolently; it is difficult to
evaluate the amount of patients whowill require a systemic ther-
apy due to the worsening of cytopenias or the appearance of
symptoms (it varies from 33 to 80% in reported series). Aggres-
sive NK disease, with high LGL peripheral counts and mar-

row infiltrate, massive organomegaly and lymphoma-related B
symptoms displays a poor prognosis, and patients appear refrac-
tory to any treatment.

Peripheral T-cell non-Hodgkin lymphomas

Peripheral T-cell non-Hodgkin lymphomas (PTCL) are a dis-
tinct form of rare chronic T-cell lymphoproliferative disease,
clearly separate from cutaneous T-cell lymphomas (CTCL), dis-
cussed below. The incidence of PTCL in the United States is
less than 1 case per 100,000 people; worldwide, the preva-
lence of each specific disease entity profoundly depends on
the geographic region, although the biologic reason for the
observed discrepancies is still largely unknown. In Western
countries, in fact, PTCL accounts for 15 to 20% of aggressive
lymphomas, and 5 to 10% of all non-Hodgkin lymphomas. In
Asia, however, incidence is higher, and 15 to 20% of all lym-
phomas are classified as PTCL or NK/T-cell lymphoma. As
a consequence, PTCL-not otherwise specified (NOS) appears
to be the most common subtype in both North America
and Europe, whereas NK/T-cell lymphoma and adult T-cell
leukaemia/lymphoma (both entities discussed elsewhere) are
very common in Asia, the latter being specifically represented
in Japan. Anaplastic large-cell lymphoma (ALCL) is more repre-
sented in the United States, whereas angioimmunoblastic T-cell
lymphoma (AITL) is more frequent in Europe than in Asia or in
North America.
In the context of the 2008 WHO classification, PTCL repre-

sent a group of mature T-cell aggressive diseases, primarily with
a nodal origin (PTCL-NOS, ALCL, AITL being the most rep-
resented and more clinically relevant entities), although extra-
nodal subtypes do exist – being far less common – described
by their tissue tropism (enteropathy-associatedT-cell lymphoma
and hepatosplenic T-cell lymphoma are the most relevant).
Expert haematopathologists can apply the 2008 WHO clas-

sification to diagnose a PTCL, however with a heterogeneous
agreement on diagnosis depending on the specific subtype of
disease they are looking at. For example, if diagnostic accuracy
is very good (>97% agreement among experts) for anaplastic
lymphoma kinase-positive ALCL, agreement is definitely poor
(<85%) for the other lymphoma subtypes, being only 75% for
the most common subtype, PTCL-NOS. This indicates how bet-
ter and more specific diagnostic markers and diagnostic criteria
are needed to increase the diagnostic accuracy and reproducibil-
ity for these entities.
PTCL are staged according to the Ann Arbor staging sys-

tem, with the same techniques used for B-cell lymphomas.Much
more PTCL patients, with the sole exception of ALCL, present
with an advanced (III or IV) stage disease rather than patients
with diffuse large B-cell lymphoma. Positron emission tomog-
raphy (PET) scan has proved its usefulness in the staging of
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PTCL, although maximum standard uptake values in patients
with PTCL seem somewhat lower than in aggressive B-cell lym-
phomas, and generally less pronounced for extranodal lesion
than for nodal localizations of disease. Data regarding the role
of post-treatment PET scan are still inconclusive, since negative
scans may not be always associated with a really improved clin-
ical outcome.
The International Prognostic Index (IPI) remains the main-

stay of the prognostic stratification of patients with PTCL, being
inversely related to survival in a manner similar to B-cell lym-
phomas, although overall survival in each category is lower if
compared to diffuse large B-cell lymphoma.
Herein we describe the relevant clinical and morphological

aspects of the most represented PTCL entities; the treatment
approach is then discussed at the end of the section.

Peripheral T-cell non-Hodgkin lymphoma, not
otherwise specified

PTCL-NOS is themost common subtype, accounting for at least
25%of PTCL.However, it does not represent a single entity, since
as many as 20% of cases have shown a gene expression profile
characteristic of other PTCL subtypes, such as AITL; moreover,
another subgroup shows features of cytotoxic T-cells, thus sug-
gesting a separate disease entity, with a worse prognosis than any
other PTCL-NOS. The diagnosis of PTCL-NOS should then be
established once other categories of PTCL have been excluded.

Clinical features
The disease tends to affect adult patients (median age at pre-
sentation is 60 years), with a male predominance. Children can
also be affected. The nodal involvement is the most relevant fea-
ture at diagnosis, although any organ can be affected (includ-
ing bone marrow, liver, spleen and skin), and a combination
of nodal + extranodal involvement can be frequently encoun-
tered. Advanced stage at presentation is relatively common
(nearly 70% of cases); lymphoma-related symptoms, lactate-
dehydrogenase elevation and poor performance status are doc-
umented in more than half of the cases; almost two-thirds of the
patients present an intermediate to high IPI score.

Morphology
Lymph node infiltration is generally diffuse, with neoplastic
elements showing a variable morphology, ranging from small
cells with irregular nuclei to large cells with prominent nucle-
oli and mitotic figures (Figure 28.2); cells with clear cytoplasm
and occasionally Reed–Sternberg-like cells can also be encoun-
tered. Bone marrow is hypercellular and the normal hematopoi-
etic tissue is extensively replaced; cell pleomorphism can be
documented, along with reticulin thickening and promi-
nent vascularity. Three rare morphologic variants have been

Figure 28.2 Peripheral T-cell lymphoma, not otherwise specified
(haematoxylin and eosin stain, magnification 200×).

described: the lymphoepithelioid (Lennert’s) variant, with the
presence of a diffuse or interfollicular infiltrate of epithelioid his-
tiocytes; the T-zone variant, characterized by a preserved lymph
node architecture and the presence of interfollicular lymphoma-
tous involvement; the follicular variant, with a pattern of growth
intimately related to follicular structures. Neoplastic cells stain
positively for CD2, CD3, CD5 and CD7, with a variable expres-
sion of CD4 and CD8; aberrant T-cell phenotypes, with lack of
expression of some antigens, can also be possible. The CD30
antigen is variably expressed, mostly in large-cell variants.

Prognosis
The IPI is significantly associated with treatment outcomes,
which appear better – albeit dismal – for lower scores. Patients
with IPI score 0/1, in fact, have a 33% 5-year failure-free sur-
vival and a 50% 5-year overall survival, in contrast with those
with IPI score 4/5, whose 5-year overall survival is only 11%,
with a 5-year progression-free survival of 6%. A newly intro-
duced prognostic index specifically designed for PTCL (PIT)
includes age, lactate-dehydrogenase elevation, performance sta-
tus and bone marrow involvement, and better allows the strat-
ification of patients into more specific prognostic groups,
with a 5-year overall survival for the most favourable group
(i.e. the one with no adverse factors) of 62%, and of 18%
for patients presenting with three or four adverse prognostic
factors.

Angioimmunoblastic T-cell lymphoma

AITLmakes up nearly 18.5% of cases of PTCL, being the second
most common variety. Disease incidence is highest in Europe
(29% of all cases), and lower in both North America (16%) and
Asia (17.9%), and appears nearly the same in both sexes.
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Clinical features
The disease typically affects older adults (median age 65 years),
and it is clinically characterized by an aggressive clinical course,
an advanced stage at presentation (nearly 90% of patients show
stage III/IV) and by the presence of lymphoma-related symp-
toms (in about 70% of patients since disease onset). Patients
complain of a generalized lymphadenopathy, which is usually
associated with hepatosplenomegaly and cutaneous rash. Bone
marrow is involved in 28% of cases. Lactate-dehydrogenase ele-
vation, polyclonal hypergammaglobulinaemia and autoimmune
manifestations (such as autoimmune haemolytic anaemia, cold
agglutinin disease, rheumatoid factor and anti-smooth-muscle
antibody positivity) are frequently associated findings, as well as
the presence of peripheral oedema, pleural or peritoneal effu-
sions and joint pain.

Morphology and biology
From a histological point of view, the architecture of the lymph
node appears completely effaced by a T-cell infiltrate, which
extends beyond the node capsule, but characteristically sparing
the subcapsular sinus, which appears dilated (Figure 28.3). The
neoplastic cells are CD3+, CD4+, CD10+, CXCL-13+, PD1+
and sometimes BCL-6+. Reactive lymphocytes, eosinophils,
plasma cells, follicular dendritic cells and histiocytes represent
accompanying non-neoplastic populations, along with the
presence of scattered large CD20+ immunoblastic cells, usually
staining positively for EBV-encoded RNA (EBNA). A character-
istic feature of AITL is a prominent vascular proliferation, as a
consequence of the over-expression of the vascular endothelial
growth factor (VEGF)-A gene, both in lymphoma and endothe-
lial cells. It has been shown that a higher expression of this
gene, as well as the presence of the VEGF-receptor 1 molecule,
correlates with poor survival outcomes, and biologically

Figure 28.3 Angioimmunoblastic T-cell lymphoma (Giemsa stain,
magnification 200×).

identifies a disease that is extremely prone to the invasion of
nearby tissues.

Prognosis
Rapid disease progression is seen inmost patients, accompanied
by frequent infectious complications, yielding to a median sur-
vival of less than 3 years.

Anaplastic large-cell lymphoma

First described as a group of tumours displaying large cells with
bizarre morphology, prominent sinusoidal invasion and Ki-1
antigen (nowadays recognized as CD30) expression, ALCL has
been recognized as a distinct clinical entity since the third edi-
tion of the WHO classification, which grouped together a sig-
nificant proportion of cases characterized by the expression of
the anaplastic lymphoma kinase (ALK), and a smaller subcat-
egory, lacking the expression of ALK (ALK-negative ALCL).
When it became clear that ALK-positive ALCL represented a
relatively homogeneous disease subtype, also displaying a bet-
ter clinical course in respect of ALK-negative ALCL, the two
disease entities were clearly separated: the 2008 WHO clas-
sification now recognises ALK-positive ALCL as a distinct
clinical and biological entity, whereas ALCL with no ALK
expression is regarded as a provisional entity, since it is still con-
troversial whether this entity should be considered as a pheno-
typic variant of ALCL, or a different disease. Primary cutaneous
ALCL (C-ALCL), which is classified within primary cutaneous
CD30-positive T-cell lymphoproliferative disorders, is discussed
separately.

Clinical features
Nearly 70% of patients with ALCL present with an advanced
stage; peripheral or abdominal nodal disease is associated in
nearly one-third of patients with an extranodal involvement
(especially in patients exhibiting the ALK-positive variant), with
bone marrow, skeleton and lung being the most represented
sites.

Biology and prognosis
In more than two-thirds of cases, the ALK protein is over-
expressed, mainly due to the translocation of the ALK gene
on chromosome 2 to the nucleolar phosphoprotein 1 (NPM1)
gene on chromosome 5, most frequently as a result of the
chromosomal translocation t(2;5)(p23;q35), although at least
11 variant translocations involving the ALK gene at 2p23 have
been described. Patients withALK-positive lymphoma aremuch
younger (median age of 34 years) than those with the ALK-
negative variant (median age of 58 years). The expression of the
ALK protein makes a substantial prognostic difference in terms
of overall survival and failure-free-survival, which both favour
patients with ALK-positive AITL in respect of ALK-negative
patients (5-year overall survival, 70% versus 49%; 5-year
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failure-free survival, 60% versus 36%). However, patients aged
over 40 years tend to display a similar outcome in terms of sur-
vival, independently from the expression of the ALK protein.

Morphology
ALCL exhibits a wide range of cytological appearances, with
no distinction on morphological grounds between the ALK-
positive and the ALK-negative variants: five morphologic pat-
terns have been recognized in the 2008 WHO classification
(Figure 28.4). The ALCL common pattern is composed pre-
dominantly of pleomorphic large cells, with irregular, eccen-
tric, kidney-shaped nuclei; the normal lymph node architec-
ture is frequently obliterated and an intrasinusoidal cell growth
is often documented, mimicking a metastatic malignancy. The
ALCL lymphohistiocytic pattern is characterized by the pres-
ence of tumour cells admixed with a variable amount of histio-
cytes, whereas the small cell pattern shows a predominance of
small- to medium-sized neoplastic cells, with round or irregular
nuclei and sometimes with a clear cytoplasm. ALCL Hodgkin-
like pattern has morphologic features mimicking nodular scle-
rosis classic Hodgkin lymphoma, with a significant number of
tumour cells resembling Reed–Sternberg cells. Composite pat-
terns may be seen in up to 20% of cases, since features of more
than one previously described pattern can be appreciated within
a single lymph node specimen.
All ALCL are – by definition – positive for CD30, which is

expressed on the cell membrane and in the Golgi region, pre-
dominantly in larger tumour cells. The great majority of ALCL
express T-cell or NK-cell antigens, although several pan-T-cell
antigens may be lost or unexpressed, yielding to an apparently
T-null phenotype. The ALK staining may be cytoplasmic,
nuclear, nucleolar, or it may be restricted to either the cytoplasm
or the cell membrane. ALK expression is virtually specific for
ALCL, being absent from all normal postnatal human tissues,
except some rare cells in the brain.

Other disease entities

Enteropathy-associated T-cell lymphoma (EATL)
EATL is an aggressive disorder, frequently associated with
coeliac disease; its incidence varies geographically, and it over-
laps that of gluten-sensitive enteropathy, although not all
patientswith EATLhave an overt coeliac sprue. EATL is frequent
in the 6th decade of life, with a similar incidence among men
andwomen. It usually presents with abdominal pain, fatigue and
anorexia, as well as with an exacerbation of typical symptoms of
coeliac disease, such as diarrhoea and weight loss, together with
hypoalbuminaemia and anaemia. Gastrointestinal perforation,
obstruction or haemorrhage may be frequent complications,
since the tumour infiltrationmay be transparietal, with frequent
ulcerations and induration. The jejunum is mainly affected,
although disease extension may be multifocal, also involving
other intestinal segments.
Patients with EATL still have a poor prognosis, one of the

poorest of any subtype of PTCL, with a median 5-year overall
survival of 20% and a progression-free survival of only 4%,
which also remains dismal for those patients presenting with a
more favourable IPI risk. Many patients, in fact, are unable to
tolerate an aggressive chemotherapy approach, which should be
comprehensive for an autologous stem cell transplantation.

Hepatosplenic T-cell lymphoma
This subtype accounts for nearly 1.4% of PTCL, being more
frequent in young men, who present with systemic symp-
toms, mainly fever, hepatic and splenic enlargement, along with
peripheral cytopenias. It has been reported in the context of
immune system disorders or alterations, including Crohn’s dis-
ease and solid organ transplantation. The tumour spreads to the
spleen, the liver and the bone marrow, and infiltrates organs
without forming growing and coalescent nodal masses.
The present treatments are largely unsatisfactory, and this

disease displays a severe prognosis, with a 5-year overall

(b) (c)(a)

Figure 28.4 Anaplastic large-cell lymphoma (ALCL). (a) ALK-positive ALCL (immunohistochemistry for ALK protein, magnification
200×). (b) ALK-negative ALCL (Giemsa stain, magnification 200×). (c) ALK-negative ALCL (immunohistochemistry for CD30,
magnification 200×).
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survival of 7% and progression-free survival of 0%. Prolonged
survival intervals have been anecdotically reported after induc-
tion with alemtuzumab, cladribine or after allogeneic stem cell
transplantation.

Treatment of peripheral T-cell non-Hodgkin
lymphomas

So far, the treatment strategies most widely applied in patients
with PTCL are mainly derived from B-cell lymphomas, with
those doing best working well in diffuse large B-cell lymphoma,
as the paradigm of an aggressive lymphoma. However, PTCL
are biologically and clinically different from the B-cell counter-
parts, thus explaining the extremely different ranges of response
to various therapies, and also the huge prognostic gap that exists
between lymphomas of B or T origins.
The treatment approach for PTCL is discussed in this section.

A chemotherapy-based first-line treatment is aimed at inducing
a first clinical (complete) remission, which may be further con-
solidated with an autologous stem cell transplantation, depend-
ing on the specific PTCL subtype and IPI score at presentation.
Novel approaches are under consideration, on the one hand to
offer an alternative to those patients proving to be refractory
after induction or relapsing after an autologous stem cell trans-
plantation; on the other, to provide innovative treatment strate-
gies to enhance the traditionally applied anthracycline-based
induction schemes.

Induction therapy
The cyclophosphamide, doxorubicin, vincristine and pred-
nisone (CHOP) regimen, administered every 21 days, or CHOP-
like schemes, still represent the backbone of induction therapy,
and are nowadays themost widely used worldwide. No random-
ized clinical trials are able to prove, however, its superiority over
different treatment schemes. ALCL patients are those who best
respond to CHOP and CHOP-like regimens, in comparison to
other PTCL subtypes, with 5-year overall response rates higher
than 60%. AITL patients have a 5-year overall survival of 32%
and a failure-free survival of 18% when treated with CHOP, and
in patients with PTCL-NOS there is no clear evidence that the
use of an anthracycline-containing regimen during induction
does any better compared with an anthracycline-free first-line
therapy. Of note, nearly 40% of patients with ALK-positive dis-
ease and more than 60% of those with an ALK-negative ALCL
fail to respond to therapy, and taken as a whole, PTCL display
5-year overall survival rates lower than 40% when treated first-
line with CHOP and CHOP-like strategies: therefore, new drug
combinations are required to enhance response rates, to pro-
long survival and to allow higher proportions of patients to be
transplanted in first complete remission. There is some evidence
that the combination of CHOP plus etoposide (CHOEP) can be
more effective than CHOP alone in PTCL-NOS and ALCL; also
the addition of alemtuzumab, bortezomib or dinileukin difti-

tox to CHOP has proven a certain effectiveness in PTCL-NOS
patients.

Autologous transplantation
Although the place for bonemarrow transplantation in the treat-
ment of PTCL is still uncertain, autologous stemcell transplanta-
tion (ASCT) represents an alternative for patients with relapsed
disease, as well as a consolidative strategy for patients in first
complete remission and with chemosensitive disease, especially
for those with intermediate to high IPI scores at disease pre-
sentation and with histologies other than ALK-positive ALCL.
Unfortunately, many patients tend to progress when they are still
on induction therapy, thusASCT– although feasible and safe – is
ineffective inmost of cases, if not contraindicated. A dose-dense
approach followed by up-front ASCT has demonstrated a 5-year
overall and progression-free survival of 51 and 44%, respectively,
across a variety of PTCL,with the best results seen inALCL, even
in the ALK-negative subtype. Disease status at transplantation is
a major predictor of success.

Allogeneic transplantation
The rationale behind allogeneic transplantation rests on both the
fact that allogeneic haematopoietic stem cells are free of tumour
contamination and that a graft-versus-lymphoma effect can be
hypothesized, since donor-derived immune cells are potentially
capable of mediating an antitumour effect. Once again, disease
status at transplantation and chemosensitivity are outcome pre-
dictors: a high percentage (almost 70%) of patients who are in
remission at the time of transplantation can be cured of their
disease, while only 25% to 30% of refractory patients may take
advantage of this procedure. No differences have been docu-
mented in the relapse rates when amyeloablative conditioning is
compared to reduced-intensity conditioning regimens, although
a higher rate of non-relapse mortality with the myeloablative
approach still exists.

New drugs
A variety of new agents have been recently investigated in
relapsed or refractory PTCL patients, and some of them are
now approved for the treatment of patients in such a dis-
ease context. An innovative antifolate drug, pralatrexate, is now
approved in the United States for relapsed or refractory PTCL,
as a single-agent strategy to re-induce a clinical response. His-
tone deacetylase inhibitors, such as romidepsin and belinostat,
have also shown promising results in poorly responding patients
with PTCL, along with other new agents such as dasatinib and
aurora kinase inhibitors (alisertib). The prominent vascular pro-
liferation seen in AITL suggests an attractive rationale for the
use of antiangiogenic drugs, like lenalidomide or bevacizumab,
in patients who do not satisfactorily respond to conventional
or high-dose therapies and who may require an allotransplant
procedure. Finally, the anti-CD30 antibody conjugate brentux-
imab vedotin represents an extremely exciting new agent in the
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treatment of CD30-positive PTCL at disease reoccurrence:
objective response rates higher than 85%, with 57% of complete
responses and amedian duration of response of 13months, have
been registered in a recent Phase II trial in ALCL patients.

Cutaneous T-cell non-Hodgkin lymphomas

Cutaneous T-cell lymphomas (CTCL) represent the vast major-
ity (more than 75%) of primary cutaneous lymphomas, which
are by definition largely confined to the skin at diagnosis, with-
out significant involvement of lymph nodes or other extranodal
organs. Mycosis fungoides and Sézary syndrome are the most
relevant disease entities, together accounting more than two-
thirds of CTCL.
The incidence of CTCL has been increasing to 6.4 cases per

million people, and it strongly correlates with age, with amedian
age at onset in the mid-50s, and a fourfold increase in patients
over 70. The highest incidence rates are described in males and
African-Americans.
Establishing a correct diagnosis is mandatory to define the

best treatment strategy, both at disease onset and in a context
of refractory disease. A multidisciplinary approach, with the
involvement of clinical haematologists, experienced pathologists
and dermatologists, is therefore recommended at every step of
patient management. Several new agents have already proved
their efficacy within recently conducted clinical trials, but many
innovative drugs are now under investigation in order to expand
the therapeutic options available for the treatment of these rare
entities.
Below is a description of the most frequent CTCL (Table 28.1,

highlighted in bold), along with some therapeutic recommenda-
tions.

Mycosis fungoides

Mycosis fungoides represents themost frequent CTCL, and con-
sists of a mature neoplasm in which T-lymphocytes infiltrate the
epidermis (early stages of the disease) or acquire the capacity to
deeply proliferate and invade the dermis (plaques and tumour
stages of the disease). It is a disease of themiddle-aged and older
adult, and its incremented diagnostic rate over the last 30 years
clearly represents the ability of physicians to detect and diagnose
early, a patchy – and mainly asymptomatic – disease.

Clinical features
The clinical history of this disease is characterized by an evo-
lution over time in three different stages: the patch stage, the
plaque stage and the tumour stage. The evolution reflects a pro-
gressively increased aggressiveness of the disease; it is associated
with a different clinical appearance and prognosis, as well aswith
a particular treatment approach.

Table 28.1 World Health Organization/European Organization for
Research and Treatment of Cancer (WHO/EORTC) classification
of primary cutaneous T-cell lymphomas. Highlighted entities are
discussed in detail in this chapter.

Mycosis fungoides
Mycosis fungoides, variants and subtypes
Folliculotropic mycosis fungoides
Pagetoid reticulosis
Granulomatous slack skin

Sézary syndrome
Adult T-cell leukaemia/lymphoma
Primary cutaneous CD30+ lymphoproliferative disorders
Primary cutaneous anaplastic large cell lymphoma
Lymphomatoid papulosis

Subcutaneous panniculitis-like T-cell lymphoma
Extranodal NK/T-cell lymphoma, nasal type
Primary cutaneous peripheral T-cell lymphoma, unspecified
Primary cutaneous aggressive epidermotropic CD8+

T-cell lymphoma∗

Cutaneous γ/δ T-cell lymphoma∗

Primary cutaneous CD4+ small/medium-sized pleomorphic
T-cell lymphoma∗

∗Provisional entity.

The patch stage is characterized by generally round to oval,
flat or scaly cutaneous lesions – or patches – ranging from 1 to
10 cm in diameter, mainly appearing in areas of skin protected
from sunlight (such as the buttocks, the groin and the breasts,
in women). Patches may present slight erythema, wrinkling or
telangiectases; areas of hypo- or hyperpigmentation may occur.
Patches may be confined to a limited skin area or may become
disseminated. Patients at this stage are often asymptomatic, and
this phase may last indolently for several years or decades. Over
time, cutaneous lesions may become infiltrated, and therefore
flat or raised indurated lesions – or plaques – supervene. Plaques
are red-to-brown in colour, often polycyclic and with a clear
spot in the centre; sometimes they become ulcerated. An ery-
throdermic phase of the disease may be documented at either
patch or plaque stage: the skin appears diffusely erythematous,
infiltrated and desquamating; the face is also affected, although
the elbow fold and the popliteal fossa seem to be character-
istically spared. A thorough examination of peripheral blood
is mandatory in this clinical context to correctly rule out the
differential diagnosis between an erythrodermic mycosis fun-
goides and Sézary syndrome. The tumour stage is character-
ized by the appearance of nodules or tumours on pre-existent
patches or plaques (Figure 28.5): tumours are raised and plum
coloured, with a smooth surface that usually ulcerates, and dis-
play a ‘fungal’ growth, hence the name of ‘mycosis fungoides’,
first attributed by Alibert and Bazin to this disease. Along with
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Figure 28.5 Mycosis fungoides, tumour phase.

the disease evolution to the tumour stage and the progressive
appearance of new nodular lesions, the patient’s general condi-
tion tends to worsen, and the prognosis becomes dismal.
A rare clinical variant (less than 10% of cases) of the disease is

represented by folliculotropic mycosis fungoides (Figure 28.6),
which is characterized by the presence of disseminated – and
sometimes coalescent – papules, centred around hair follicles, or
erythematous plaques, which generally involve the face (facies

Figure 28.6 Folliculotropic mycosis fungoides.

leonina) and the scalp, as well as the sternal and interscapular
region. The prognosis seems less severe than for classical myco-
sis fungoides, with a 5-year overall survival of about 70%.

Morphology
The histopathologic appearance of the disease is extremely vari-
able, depending on the stage. Early mycosis fungoides is not
histologically recognizable with certainty: early patches feature
small, isolated and scattered – or sometimes clustered – lym-
phocytes within the papillary dermis, with just a few within the
epidermis. As infiltrates become denser, lymphocytes acquire
an irregular (cerebriform) nucleus, surrounded by a small halo,
and tend to invade the epidermis (epidermotropism), eliciting
spongiosis or oedema between keratynocytes. Plaques contain
a great amount of atypical, cerebriform, CD3+, CD4+, CD8–
lymphocytes, infiltrating the epidermis, the papillary and the
reticular dermis (Figure 28.7). Prominent collections of lym-
phocytes within the epidermis are termed Pautrier’s microab-
scesses; these are typical of plaques, and rarely found in patches.
Mycosis fungoides tumours show adiffuse infiltration of the der-
mis, with lymphocytes displaying a large variety of cytological
appearance, although cells with cerebriform nuclei tend to pre-
dominate (Figure 28.8). Epidermotropism in this phase is scarce
or totally absent.
The CD30 antigen can be expressed in some plaques of myco-

sis fungoides, although it is mostly expressed in tumours har-
bouring larger amounts of anaplastic cells.

Staging system
Unlike the other B- and T-cell lymphomas, a revised TNM stag-
ing system is used for mycosis fungoides (Tables 28.2 and 28.3),
which takes into account: the cutaneous involvement (T-stage),
in terms of skin surface, presence of tumours or erythema; the

Figure 28.7 Histological appearance of plaques of mycosis
fungoides (haematoxylin and eosin stain, magnification 200×).
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Figure 28.8 Histological appearance of tumours of mycosis
fungoides (haematoxylin and eosin stain, magnification 100×).

involvement of peripheral lymph nodes (N-stage), which should
be at least 1.5 cm in their major diameter, along with an evi-
dence of T-cell receptor rearrangement (stages N1b and N2b) or
not (stages N1a andN2a) and the involvement of visceral organs

(M-stage), which requires pathological confirmation. The blood
tumour burden is quantified by the B-parameter, and it reflects
the amount of circulating Sézary cells (less or equal to 5% versus
more than 5%,with at least 1000/μL Sézary cells being diagnostic
for Sézary syndrome).

Therapy
The treatment of this peculiar kind of cutaneous T-cell lym-
phoma is specifically stage-adapted (see Table 28.3), which
means that different treatment options are applied for each stage
of the disease: patients with an early-stage mycosis fungoides,
which is characterized by a slow progression and an indolent
course, may take advantage of skin-directed therapies, although
lacking a curative intent, whereas more advanced stages require
systemic approaches, with eithermore conventional chemother-
apeutic drugs or newer agents.
TNM stage I disease, consisting of patches and/or plaques,

requires a skin-directed approach: photochemotherapy, using a
psoralen compound as a photosensitizing agent and ultraviolet
light typeA (PUVA), is nowadays themost widely adopted treat-
ment strategy, along with narrow-band ultraviolet light B (UVB)
phototherapy (wavelength of 311–313 nm) if patches represent
the most relevant cutaneous lesions. Recombinant α2-interferon

Table 28.2 Description of TNM-B staging system categories for mycosis fungoides.

Skin T1 Limited patches, papules and/or plaques covering <10% of the skin surface. Further stratify into T1a
(patches only) and T1b (plaques ± patches).

T2 Patches, papules or plaques covering ≥10% of the skin surface. Further stratify into T2a (patches
only) and T2b (plaques ± patches).

T3 One or more tumours, ≥1 cm in diameter.
T4 Confluence of erythema, covering ≥80% of body surface area.

Nodes N0 No clinically abnormal peripheral lymph nodes: biopsy not required.
N1 Clinically abnormal peripheral lymph nodes (firm, irregular, clustered, fixed nodes, ≥1.5 cm in

diameter)∗. Further stratify into N1a (clonally negative) and N1b (clonally positive).
N2 Clinically abnormal peripheral lymph nodes∗∗. Further stratify into N2a (clonally negative) and N2b

(clonally positive).
N3 Clinically abnormal peripheral lymph nodes∗∗∗. Either clonally positive or negative.
NX Clinically abnormal peripheral lymph nodes; no histological confirmation.

Viscera M0 No visceral organ involvement.
M1 Visceral involvement (requires histological confirmation; involved organ should be specified).

Blood B0 Absence of significant blood involvement: ≤5% of peripheral blood lymphocytes are atypical
(Sézary) cells. Further stratify into B0a (clonally negative) and B0b (clonally positive).

B1 Low blood tumour burden: >5% of peripheral blood lymphocytes are atypical (Sézary) cells, but
criteria for B2 are not met. Further stratify into B1a (clonally negative) and B1b (clonally positive).

B2 High blood tumour burden: ≥1000/μL Sézary cells clonally positive.

∗Histopathology Dutch (lymph node effacement scale) grade 1 or National Cancer Institute (number of atypical lymphocytes within the involved node)
LN0-2.
∗∗Histopathology Dutch grade 2 or National Cancer Institute LN3.
∗∗∗Histopathology Dutch grade 3–4 or National Cancer Institute LN4.
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Table 28.3 TNM-B staging system for mycosis fungoides.

T N M B

I A 1 0 0 0–1
I B 2 0 0 0–1
II A 1–2 1–2 0 0–1
II B 3 0–2 0 0–1
III A 4 0–2 0 0
III B 4 0–2 0 1
IVA1 1–4 0–2 0 2
IVA2 1–4 3 0 0–2
IV B 1–4 0–3 1 0–2

may be associated with PUVA therapy as a second-line ther-
apy, in order to produce more durable and profound clinical
responses; this association also represents a suitable treatment
of stage IIA disease (with patches and/or plaques and lymph
node involvement). Unilesional mycosis fungoides may also be
treated with conventional external radiation therapy (roentgen
therapy).
TNM stage IIB (tumour-stage disease) may be treated either

with total skin electron beam irradiation (TSEBI), which
yields only 40% satisfactory clinical response, or with systemic
monochemotherapy, using gemcitabine or liposomal doxoru-
bicin. Treatment alternatives are represented by bexarotene and
dinileukin diftitox (the latter is approved in the United States,
but is unavailable elsewhere). Bexarotene is an orally (but also
topically, as a gel formulation) bioavailable retinoid that acts
as a selective agonist of the retinoid X receptor, which con-
sequently exerts its function through the recruitment of tran-
scription factors, and induces apoptosis and cell cycle arrest
in CTCL cells. Dinileukin diftitox is a hybrid molecule, con-
taining the interleukin-2 (IL-2) receptor binding domain and
the catalytically active fragment of diphtheria toxin, which tar-
gets the IL-2 receptor found on activated B- and T-cells. The
toxin is then internalized, and induces the apoptosis of the
targeted cell.
Stage III disease (erythroderma) can be first treated again

with the combination of recombinant α2-interferon and PUVA;
possible alternatives or second-line options are represented by
TSEBI, gemcitabine, liposomal doxorubicin or bexarotene.
Stage IV disease, which is characterized by extracutaneous

involvement, requires an immediate systemic chemotherapy:
gemcitabine or doxorubicin used asmonotherapy should be pre-
ferred to polychemotherapy with cyclophosphamide, doxoru-
bicin, vincristine and prednisone (CHOP) or CHOP-like regi-
mens, which appear significantly more toxic and display poor
disease control.
Histone deacetylase inhibitors (HDACi) represent the new

frontier of mycosis fungoides treatment. Through the inhibi-
tion of the enzymatic removal of acetyl groups from histonic

and non-histonic proteins, these molecules control the epige-
netic regulation of gene transcription, ultimately regulating cell-
cycle and apoptosis-related proteins. Vorinostat and romidepsin,
the former being orally available and the latter being admin-
istered intravenously, have both shown a rate of response of
30–40% in Phase II studies, with a median duration of response
varying from nearly 200 days to more than 1 year.
Allogeneic transplantation can be a suitable treatment option

for younger patients failing at least two previous lines of standard
therapy; durable remissions may be obtained as a consequence
of a putative graft-versus-lymphoma immune effect, yielding 5-
year progression-free and overall survival rates of 34% and 53%,
respectively.

Sézary syndrome

Sézary syndrome, first described in 1938 by Sézary and
Bouvrain, who identified a population of large lymphocytes in
the peripheral blood, with grooved and lobulated ‘cerebriform’
nuclei (cellules monstrueuses), is regarded as the leukaemic
form of mycosis fungoides, clinically characterized by the triad:
erythroderma (diffuse reddening of the skin), generalized lym-
phadenopathy and atypical T-lymphocytes (Sézary cells) in
peripheral blood, skin and lymph nodes. Like mycosis fun-
goides, it is a disease of the middle-aged and elderly, although
much less common.

Clinical features
Erythroderma is the most relevant clinical aspect; it either tends
to evolve gradually over months or even years from a pre-
existing non-specific dermatitis, or it may abruptly develop
de novo. Sometimes, erythrodermamay reflect an evolution of a
patch or plaque stage mycosis fungoides (see above). Skin is red
and scaly, and may become doughy, as well as fissurated. Hyper-
keratosis of palms and soles is also a distinguishing feature, along
with onychodystrophy and sometimes alopecia.

Morphology
Sézary cells are clonal mature T-helper lymphocytes, gener-
ally CD3+, CD4+ and CD8–; an aberrant loss of T-cell anti-
gens, such as CD2, CD3, CD4, CD5 and CD7 is frequently
observed and T-cell receptor rearrangement found by poly-
merase chain reaction provides proof of clonality. Histologically,
skin changes resemble those of mycosis fungoides, although epi-
dermotropism is seen to a lesser extent. Sometimes, however,
skin specimens can be non-diagnostic for mycosis fungoides at
all, because there can be more spongiosis and lymphocytes are
often small.

Diagnosis
The integration of clinical features, histology, cytology,
immunophenotyping and molecular assays is necessary to
make a correct diagnosis of Sézary syndrome. In the presence

534



Chapter 28 T-cell lymphoproliferative disorders

of erythroderma, Sézary syndrome is diagnosed when the
absolute count of Sézary cells is ≥1000/μL (or Sézary cells
represent more than 20% of circulating lymphocytes). Clonal
rearrangement of the T-cell receptor is required to establish the
diagnosis. Alternatively, one of the following criteria should
be satisfied, if a count of Sézary cells cannot be performed:
increased CD4+ or CD3+ cells, with a CD4/CD8 ratio ≥10,
aberrant immunophenotypes (CD4+/CD7– ratio ≥40% or
CD4+/CD26– ratio ≥30%).

Therapy
Extracorporeal photopheresis (ECP) represents the treatment of
choice, and it is performed for two consecutive days every 2–4
weeks. During ECP, pooled leucapheresis and plasmapheresis
products are treated with 8-methoxypsoralen, then exposed to
ultraviolet light type A (UVA) as they pass through a disposable
narrow cassette, ex vivo. Irradiated leucocytes are subsequently
re-infused: psoralens covalently bind to DNA after irradiation
with UVA, therefore leading to the induction of apoptosis. In
parallel, ECP seems also to induce dendritic cell differentiation,
which in turn translates into an enhanced antigen presen-
tation and the initiation of a host immune response against
the tumour. Overall responses to ECP are around 60% and
complete responses are seen in about 20% of the cases, with
durable responses seen in patients lacking a significant nodal or
visceral involvement. ECP can also be combined with TSEBI,
α2-interferon or bexarotene therapy. Systemic chemotherapy
based on chlorambucil, methotrexate, fludarabine, gemcitabine
or doxorubicin as single agents should be delivered in patients
with high tumour burden (>2600 Sézary cells/μL), advanced
disease with significant nodal or visceral involvement, or
relapsed disease.

Primary cutaneous CD30+
lymphoproliferative disorders

These cover a wide spectrum of indolent T-cell lymphoprolifer-
ative disorders, primarily localized in the skin and account for
nearly 30% of CTCL, thus representing one of the most frequent
disease entities.
They are clinically characterized by a chronic clinical course,

with cutaneous lesions sometimes showing a relapsing-remitting
behaviour or spontaneous regressions, always featuring the pres-
ence of large and atypical CD30+ cells, variably represented
within the histological specimen. Primary cutaneous anaplas-
tic large-cell lymphoma (C-ALCL) and lymphomatoid papulosis
(LyP) represent the two extremities of the spectrum, and are dis-
cussed in more detail.

Primary cutaneous anaplastic large-cell
lymphoma
C-ALCL is the second most common type of CTCL, being
mostly represented in middle-aged men (median age at pre-

sentation is 60 years, with a male/female ratio of 2–3:1). It
clinically presents with solitary and localized papules, nod-
ules or tumours, frequently ulcerated, involving the skin of the
trunk, face, extremities and buttocks. Multifocal involvement
is rather uncommon. Lesions may show a spontaneous com-
plete or partial regression; however, skin relapses are frequent.
Extracutaneous dissemination is rare, with regional lymph
nodes being the most commonly affected organs other than
the skin.
Tumour cells are large, with an anaplastic (abundant cyto-

plasm, round to oval or irregularly shapednuclei with prominent
nucleoli), pleomorphic or immunoblastic cytomorphology; the
infiltrate involves the dermis, without epidermotropism. Cells
mostly display a CD4+ T-cell phenotype, CD8+ in a minority of
cases, with possible loss of CD2, CD5 or CD3; CD30 is by def-
inition expressed by a majority (>30%) of the neoplastic cells,
without CD15 expression. Cytotoxicity markers, such as TIA-1,
perforin and granzyme B are frequently expressed.
The prognosis is good, with a 5-year disease-free survival

higher than 90%, although relapses are frequent. Patients with
multifocal skin lesions and patients with involvement of regional
nodes show a similar prognosis to those presenting with a
unique skin lesion. Localized lesions favourably respond to radi-
ation therapy, and surgical excision may be curative in some
cases. Systemic therapy is required for multifocal disease: low-
dose methotrexate, α2-interferon and bexarotene represent the
treatments of choice; brentuximab vedotin has shown very
promising results.

Lymphomatoid papulosis (LyP)
LyP is a chronic, recurrent, self-healing skin disease, which
mainly affects middle-aged men (with a male/female ratio of
2–3:1). It is clinically characterized by the presence of papular,
papulonecrotic or nodular skin lesions, mainly affecting the
trunk and the extremities, at different stages of develop-
ment and with a relapsing-and-remitting course over 3 to 12
weeks, leaving behind superficial scars. In about 20% of the
patients, LyP is associated – or followed by – another malignant
lymphoma, such as mycosis fungoides, C-ALCL or Hodgkin
disease.
Three morphological subtypes are described: in type A, the

most frequent, scattered or clustered large, Reed–Sternberg-like
CD30+ cells infiltrate the superficial dermis, and are intermin-
gled with numerous inflammatory cells; in type B, the most
uncommon, cells with cerebriform nuclei involve the superficial
dermis and show epidermotropism (CD30 expression is gener-
ally lacking); type C lesions demonstrate a monotonous popula-
tion of large clusters of highly CD30-expressing cells, with a few
admixed inflammatory cells.
The prognosis is excellent; no treatment is recommended for

localized lesions, while topical steroids, low-dose methotrexate
or PUVA phototherapy may be suitable in cases of disseminated
disease.
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Conclusions

T-cell lymphoproliferative disorders are classified on the basis
of their clinical behaviour and presentation, thus distinguishing
them into either indolent or aggressive nodal, extranodal and
leukaemic diseases. Although infrequent diseases, they repre-
sent a big challenge for the treating haematologists, since their
prognosis is rather disappointing when the current treatment
strategies are applied, and relapse rates are still relevant. A pre-
cise clinical and histological diagnosis, as well as the presence of
a multidisciplinary team, are the key elements to assure the best
patient management. The application of molecular techniques
and immunological markers has clarified some aspects of the
pathogenesis of these diseases, and has provided the rationale
for the development of new specific treatment approaches.
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Definition

Multiple myeloma (MM) is characterized by the proliferation of
a single clone of plasma cells that produce a monoclonal pro-
tein. The plasma cell proliferation results in extensive skeletal
involvement, with osteolytic lesions, hypercalcaemia, anaemia
and/or soft tissue plasmacytomas. In addition, the excessive
production of nephrotoxic monoclonal immunoglobulin can
result in renal failure and an increased risk of developing poten-
tially life-threatening infections due to the lack of functional
immunoglobulins. The clinical and laboratory manifestations of
the disease, including their management, are discussed in this
chapter.

Epidemiology and aetiology

The annual incidence of MM is 4 per 100,000. It represents
approximately 1% of all malignant diseases and 15% of all
haematological malignancies. The incidence of MM is lower in
Asian populations and in blacks is twice that in whites; MM is
slightly more frequent in men than in women. The median age
at diagnosis is 65–70 years. Only 15% and 2% of the patients are
younger than 50 and 40 years, respectively.
The cause of MM is unknown. Radiation may play a role in

some cases. An increased risk has been reported in farmers, par-
ticularly those who use herbicides and insecticides, and in peo-
ple exposed to benzene and other organic solvents. However, the
number of cases is small and more data are needed to estab-
lish a significant relationship. MM and monoclonal gammopa-

thy of undetermined significance (MGUS) have been reported
in familial clusters. A relationship betweenMMand pre-existing
inflammatory diseases has been suggested, and plasma cell
dyscrasias associated with protracted stimulation of the reticu-
loendothelial system have been reported in experimental stud-
ies. However, more recent case–control studies do not support a
role for chronic antigenic stimulation in the aetiopathogenesis of
MM. There is now clear evidence that most, if not all, myeloma
cases are preceded by a previous MGUS.

Pathogenesis

MM is a B-cell malignancy characterized by the accumulation of
terminally differentiated clonal plasma cells in the bonemarrow,
the production of a monoclonal immunoglobulin detectable in
serum and/or urine and the presence of lytic bone lesions. In
order to understand the pathogenesis of MM, it is important to
review not only the molecular changes involved in the develop-
ment of the malignant clone, but also the mechanisms respon-
sible for the interaction between the malignant plasma cells and
their microenvironment, since they play a relevant role in bone
destruction, tumour cell growth, survival, migration and drug
resistance.

Cellular origin of myeloma cells

Normal differentiation from early B cells to plasma cells is
characterized by three B-cell-specific DNA remodelling mecha-
nisms that modify immunoglobulin genes: VDJ rearrangement,
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somatic mutation and class switch recombination. Rearrange-
ments of the immunoglobulin genes of B-cell precursors to form
a B-cell receptor (BCR) occur in the bonemarrow, while antigen
recognition, selection, somatic hypermutation and class switch
recombination take place in the germinal centre lymph node.
Sequence analysis of the immunoglobulin VH gene support the
postgerminal origin of myeloma cells, which have successfully
completed somatic hypermutation (without intraclonal varia-
tion) and IgH switching, before migrating to the bone marrow,
where they will interact with stromal cells before finally differ-
entiating into long-lived plasma cells.

Genomic abnormalities

Genome instability is a prominent feature of myeloma cells
and in fact, almost all cases of MM are cytogenetically abnor-
mal. Genomic abnormalities can be categorized as chromo-
somal translocations, mainly involving the IGH locus on
chromosome 14q32, copy number abnormalities, mutations,
methylation modifications, and gene and microRNA (miRNA)
dysregulation.

IGH translocations
A primary event in many kinds of B-cell tumour is dysregula-
tion of an oncogene that, as a result of translocation to the IGH
locus (14q32) or, somewhat less often, the IGL locus (κ 2p11 or
λ 22q11), is juxtaposed near one of the potent immunoglobulin
enhancers. InMM, IGH translocationmay be classified into pri-
mary or secondary. Primary IGH translocations occur as initiat-
ing events during the pathogenesis of MM, whereas secondary
translocations are involved in progression. Most primary IGH

translocations result from errors in B-cell-specific DNA mod-
ification processes, mostly IGH switch recombination or, less
often, somatic hypermutation. The breakpoints occur mainly
within or immediately adjacent to IGH switch regions or JH
regions. In contrast, secondary translocations are mediated by
other kinds of recombination mechanism that do not specifi-
cally target B-cell-specific DNA modification processes. Unlike
other B-cell tumours, inMM there is a marked diversity of chro-
mosomal loci involved in IGH translocations. About 40% of
MM tumours have IGH translocations involving five recurrent
chromosomal patterns (Figure 29.1): 11q13 (CCND1), 4p16
(FGFR/MMSET), 16q23 (MAF), 6p21 (CCND3) and 20q11
(MAFB).
The prevalence of t(11;14) according to interphase fluores-

cence in situ hybridization (FISH) analysis is 15–20% and is
readily detectable by karyotyping. As a result of the transloca-
tion, CCND1 is juxtaposed to the powerful IGH 3′ enhancer(s)
on der(14), and its expression is dysregulated, as indicated by
gene expression profiling and reverse transcriptase polymerase
chain reaction (RT-PCR) in 100% of MM cases with t(11;14).
The t(4;14) translocation is identified in approximately 15%

of MM cases using FISH analysis, but cannot be detected by
karyotyping techniques. This translocation results in the simul-
taneous deregulation of the fibroblast growth factor recep-
tor 3 (FGFR3) gene on der(14) and the multiple myeloma
SET domain (MMSET) gene on der(4). FGFR3 is one of the
high-affinity tyrosine kinase receptors for the FGF family of
ligands. Both FGFR3 and MMSET genes are not normally
expressed in plasma cells, but are over-expressed as a result of
t(4;14). However, gene expression profiling and RT-PCR analy-
sis have shown that only 75% of MM cases with t(4;14) display
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Figure 29.1 IGH translocations in multiple
myeloma.
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simultaneous over-expression of MMSET and FGFR3. In the
remaining 25% of cases, only MMSET is upregulated and the
lack of FGFR3 expression is linked in most cases to loss of the
FGFR3 gene on der(14). These data suggest that MMSET may
be the critical transforming event in MM harbouring t(4;14),
whereas FGFR3 could be dispensable. In some cases (10%) the
translocated FGFR3 contains activating mutations that may be
involved in MM progression.
The incidence of t(14;16) is 5–10%. The breakpoints on 16q23

occur over a region 550–1350 kb centromeric to MAF. Tak-
ing into account such a long distance, it is still an open ques-
tion whether or not IGH may act as enhancer for MAF in this
translocation. Moreover, over-expression of MAF is observed
in half of myeloma cases, while the prevalence of t(14;16) is
low. The t(6;14) translocation has been found in a low propor-
tion (3%) of MM cases. Using microarray analyses, high lev-
els of cyclin D3 mRNA have been shown in cases with t(6;14)
detected by FISH. The t(14;20) translocation leads to deregula-
tion ofMAFB (20q23), which, likeMAF, encodes a B-ZIP tran-
scription factor, but in contrast to t(14;16), MAFB transloca-
tions have structural features that indicate they are secondary
translocations.

Gains and losses of chromosomal material
Almost all MM cases are aneuploid, as evidenced by the mea-
surement of DNA content by flow cytometry and cytogenetic
techniques. Patients with MM may be grouped into two major
categories, according to ploidy status assessed by karyotyp-
ing: the hyperdiploid group (more than 46/47 chromosomes)
and the non-hyperdiploid group, composed of hypodiploid
(up to 44/45 chromosomes), pseudodiploid (44/45 to 46/47)
and near tetraploid (more than 74) cases. Non-hyperdiploid
MM is characterized by a very high prevalence of IGH
translocations involving the five recurrent partners. Likewise,
monosomy/deletion 13 and gains on 1q occur predominantly
in non-hyperdiploid MM. In contrast, the hyperdiploid group
is associated with recurrent trisomies involving odd chro-
mosomes (3, 5, 7, 9, 11, 15 and 19) and with a low inci-
dence of structural chromosomal abnormalities. Similar associ-
ations have been observed on analysing DNA content by flow
cytometry.
The loss of chromosome 13 is the most common monosomy

inMM (40–50% of newly diagnosed patients). This abnormality
shows a strong association with t(4;14) and t(14;16), deletion of
17p and gains on 1q. Chromosome 17p deletion, which includes
loss of TP53, occurs at a lower frequency in newly diagnosed
MM (5–10%), although the proportion is higher in advanced
stages of the disease. Furthermore, 17p deletion is associated
with extramedullary MM. Conventional cytogenetics, FISH and
comparative genomic hybridization analysis have all demon-
strated that lesions of chromosome 1 are the most common
abnormalities in MM; mostly they are 1q gains, as the result of
tandem duplications and jumping segmental duplications of the

chromosome 1q band. Recently, a large FISH study has demon-
strated that 1p losses (especially 1p22 and 1p32 deletions) are
also frequent in MM patients.

Mutations detected by whole-genome
sequencing
Whole-genome sequencing strategies have shown that there
are approximately 35 non-synonymous mutations per myeloma
sample. However, few recurrently mutated genes have been
detected, apart from thewell-knownmutations in the ERKpath-
way. This is in agreement with other haematological malig-
nancies, such as acute myeloid leukaemia, but is in contrast to
hairy cell leukaemia andWaldenstrom’s macroglobulinaemia, in
which single unifying mutations are seen, BRAF and MYD88,
respectively.

Epigenetic modifications
Little is known about the epigenetic changes involved in MM
pathogenesis. The most relevant epigenetic change revealed so
far is the global DNA hypomethylation and gene-specific DNA
hypermethylation in MM as compared to MGUS. Interestingly,
patients with the t(4;14) translocation have increased gene-
specific DNA hypermethylation compared with myeloma sam-
ples of other cytogenetic subgroups.

Late genetic events
Some genetic changes in MM, such as secondary translocations,
mutations, deletions and epigenetic abnormalities, are consid-
ered late oncogenic events and are associated with disease pro-
gression. Dysregulation of MYC is a paradigm for secondary
translocations in MM. Most karyotypic abnormalities involv-
ing MYC correspond to complex translocations and insertions
that often are non-reciprocal and frequently involve three dif-
ferent chromosomes. Activating RAS mutations are considered
molecular markers of disease progression. Thus, the prevalence
of activating KRAS and NRAS mutations is over 75% in MM
cases at relapse. TP53 inactivation, via either deletion or muta-
tion, seems to be more frequently associated with disease pro-
gression. Methylation is an epigenetic change that has been
described in MM and acts as an inactivating mechanism of the
tumour-suppressor genes CDKN2B and CDKN2A. Although it
has also been detected in MGUS, its prevalence is much higher
in advanced MM and extramedullary forms of the disease.

Molecular classification of MM based on gene
expression profiling
Gene expression analysis ofMMhas confirmed the huge genetic
diversity of this tumour. Recently, the classification of MM into
seven different groups has been proposed. Each group displays
a specific genetic signature and some of them are associated
with a particular IGH translocation or ploidy status and with
a characteristic clinical behaviour. Table 29.1 summarizes this

539



Postgraduate Haematology

Table 29.1 Molecular classification of multiple myeloma.

Group
Specific
translocation

Frequency
(%)

Cyclin D
expression Genetic signature Prognosis

Other
characteristics

1 PR – 12 CCND2 ↑CCNB1, ↑CCNB2,
↑MCM2, ↑BUB1,

↑MAGEA6, ↑MAGEA3,
↑GAGE1

Unfavourable Normal
karyotypes

2 LB – 11 CCND2 ↑EDN1, ↑IL6R, ↓DKK1,
↓FRZB

Favourable Lower number
of bone
lesions

3MS t(4;14)
FGFR3/MMSET

18 CCND2 ↑FGFR3, ↑MMSET,
↑PBX1, ↑PAX5

Unfavourable

4HY – 26 CCND1 ↑TRAIL, ↑DKK1, ↑FRZB,
↓CKS1B

Favourable Hyperdiploid
karyotype,
bone lesions

5 CD-1 t(11;14) CCND1 or
t(6;14) CCND3

8 CCND1 or
CCND3

↑CEBPB, ↑NID2, ↑SET7 Favourable

6 CD-2 t(11;14) CCND1 or
t(6;14) CCND3

17 CCND1 or
CCND3

↑MS4A1 (CD20), ↑PAX5,
↑CD27, ↑CXCR4

Favourable

7MF t(14;16)MAF or
t(14;20)MAFB

8 CCND2 ↑MAF, ↑MAFB, ↑CXCR1,
↑ITGB7, ↓DKK1

Unfavourable Lower number
of bone
lesions

PR, proliferation; LB, low bone disease; MS,MMSET; HY, hyperdiploid; CD-1, CCND1/CCND3; CD-2, CCND1/CCND3; MF,MAF/MAFB.

classification, which connects genetic abnormalities, cell tran-
scriptome and clinical features of patients.

Dysregulation of cyclin D genes as a potential
unifying event in MM pathogenesis
There is no common genetic mechanism to explain the patho-
genesis of MM. However, it can be speculated that although
IGH translocations induce upregulation of different oncogenes,
it is possible that all IGH translocations involved in MM con-
verge on a common pathway resulting in inhibition of differen-
tiation and an increase in cell survival and proliferation. Gene
expression profiling analysis has demonstrated that expression
of CCND1, CCND2 and CCND3 is increased in virtually all
MM patients, supporting the recent hypothesis of a potential
unifying event in pathogenesis. Approximately 25%ofMMcases
display over-expression of one of these cyclins, which may be
triggered directly by an IGH translocation such as t(11;14) and
t(6;14) that dysregulates CCND1 and CCND3 respectively, or
indirectly by an IGH translocation involving MAF and MAFB
genes, which encode a transcription factor that targets cyclinD2.
Nearly 40% of MM cases express increased cyclin D1 through
biallelic dysregulation ofCCND1 andwithout apparent t(11;14);
most of the remaining cases ofMM, including thosewith t(4;14),
have increased expression of cyclin D2. The expression level of
cyclin D has also been incorporated into the molecular classifi-
cation (Table 29.1).

MicroRNA expression
MicroRNAs (miRNAs) are small non-coding RNAs that regulate
gene expression at the post-transcriptional level and are involved
in critical biological processes, including cellular growth and dif-
ferentiation. Different studies have shown that miRNA expres-
sion is deregulated in myeloma cells as compared to normal
plasma cells, and that their expression profile is associated
with genetic abnormalities. Moreover, several miRNAs have
been involved in MM pathogenesis. In this sense, it has shown
a mechanism of p53 regulation through miRNAs acting on
MDM2 expression; thus, miR-192, 194 and 215 re-expression in
myeloma cell lines induce degradation of MDM2 with the sub-
sequent p53 upregulation and cell growth inhibition.

Multistep pathogenesis of multiple myeloma
The current pathogenic models assume that MM develops
through a multistep transformation from normal plasma cells
(PCs) to MGUS, which implies PC immortalization and, sub-
sequently, the transformation to active MM, where clonal PCs
cause end-organ damage. Cytogenetic studies using FISH have
demonstrated that most genetic lesions typical of MM are
already present at MGUS stage. We recently have shown that
a major difference between these three entities is the num-
ber of PCs with genetic abnormalities, which increases from
MGUS to SMM (smouldering multiple myeloma) and to MM,
thus the progression from MGUS to SMM, and eventually to
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Figure 29.2 Interactions between plasma
cells and the microenvironment. See text
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MM, involves a clonal expansion of genetically abnormal PCs.
These findings have also been confirmed by SNP-basedmapping
arrays andwhole-genome sequencing. Similarly, the progression
of overt MM implies a complex evolutionary process with intra-
clonal heterogeneity, where aDarwinian branchingmodel drives
a clonal competition with alternating dominance.

Interaction between plasma cells and their
microenvironment

As far as the pathogenesis of MM is concerned, interactions
between the myelomatous plasma cells and their microenviron-
ment can be as important as the genetic lesions. In the bonemar-
row, MM cells adhere to extracellular matrix proteins and bone
marrow stromal cells through a series of adhesion molecules,
for example the β1 integrin family (VLA-4, VLA-5, VLA-6; also
called CD49d, CD49e and CD49f) (present in myeloma cells),
and vascular cell adhesion molecule (VCAM)-1 and intercellu-
lar adhesion molecule (ICAM)-1 (present in stromal cells) (Fig-
ure 29.2). In addition, bone marrow stromal cells produce a
stromal-cell-derived factor (SDF)-1 that binds to CXCR4 on the
surface of myeloma cells, inducing both chemotaxis of plasma
cells and upregulation of surface adhesion molecules such as
VLA-4. Bone marrow homing of plasma cells is likely fur-
ther facilitated through other adhesion molecules expressed by
myeloma cells, such as CD138, CD38, CD44 and CD106.
Adhesion ofmyeloma cells to the bonemarrowmicroenviron-

ment induces a cell adhesion-mediated drug resistance pheno-
type via three mechanisms: (i) cell cycle arrest at G1 (associated
with upregulation of p27, an inhibitor of cyclin-dependent
kinases), (ii) apoptosis inhibition via over-expression of
FLIP-L, an endogenous inhibitor of FAS (CD95) and (iii) pro-
tection of tumour cells from initial drug-induced DNA damage

(double-strand breaks) by reducing topoisomerase II activity.
The binding of MM cells to the bone marrow microenviron-
ment also induces the transcription and secretion of cytokines,
such as tumour necrosis factor (TNF)-α, interleukin (IL)-6,
insulin-like growth factor (IGF)-1, IL-21, SDF-1α and vascular
endothelial growth factor (VEGF), by plasma cells and/or
bone marrow stromal cells; this triggers signalling pathways
(e.g. RAF/MEK/MAPK, PI3K/AKT, NF-κB and JAK/STAT)
that promote cell proliferation and prevent apoptosis. These
pathways are also potential targets for therapeutic intervention
(Figure 29.3). In addition, cytokines modulate the production
of additional adhesion molecules, which, in a vicious circle,
further enhance cell adhesion.

IL-21

TNFα
IL-6

IGF-1

SDF1α

VEGF

Ras

RAF/MEK/MAPK PI3K/AKT

STATJAK2

Proliferation Prevents apoptosis

Figure 29.3 Signalling pathways involved in myeloma
pathogenesis. See text for definition of abbreviations.
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In summary, it appears that the bone marrow microenviron-
ment provides a sanctuary for myeloma cells by both promoting
proliferation and blocking apoptosis, thereby allowing tumour
progression and eventual emergence of drug resistance. Inter-
ruption by downregulating the interactions between the tumour
cell and its microenvironment can potentially halt cell growth
and proliferation and be of benefit to patients.

Influence of pathogenesis on the clinical
features of MM and the development of
bone lesions

The interaction between MM cells and the microenvironment
not only favours tumour growth, but is also responsible for
the final myeloma portrait (see below and Figure 29.4). This
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interaction stimulates other cytokine cascades responsible for
osteolytic lesions, which can result in bone pain, hypercal-
caemia and neurological compression syndromes. Bone mar-
row infiltration also impairs normal haemopoiesis, leading to
anaemia. MM cells secrete monoclonal protein (M-protein) that
increases plasma viscosity. In addition, M-protein, and par-
ticularly light chains, are responsible for the impairment of
renal function, leading ultimately to renal failure. Hypercal-
caemia due to osteolytic disease may also contribute to renal
failure. Patients are also at increased risk of developing poten-
tially life-threatening infections due to the lack of functional
immunoglobulins.
Bone disease is one of the hallmarks ofMM (see below). Oste-

olysis is mediated by an imbalance between osteoclast activity
(increased) and osteoblast activity (decreased). Interaction of
MM cells with stromal cells and other cells in the microenviron-
ment induces the secretion of numerous osteoclast-activating
factors such as RANK-L, macrophage inflammatory protein
(MIP)-1α (also known as CCL3), activin A, VEGF, hepatocyte
growth factor (HGF), IL-3, IL-7, TNF-α, IL-6, IL-1β and MIP-
3α. Two of the most important are RANK-L (receptor activator
of NF-κB ligand) and MIP-1α.
RANK-L is a transmembrane molecule in stromal

cells/osteoprogenitors, which is also called TRANCE (TNF-
related activation-induced cytokine) orOPG-L (osteoprotegerin
ligand). RANK-L binds to its functional receptor RANK (TNF
receptor superfamily) on osteoclasts, stimulating osteoclasto-
genesis by inducing differentiation of osteoclast precursors
and stimulating resorption. RANKL activity can be blocked by
osteoprotegerin (OPG), a soluble-decoy receptor for RANK-L
also produced by stromal/osteoprogenitor cells. Therefore
osteoclastic activity is regulated by a delicate balance between
RANK-L and OPG. In fact, under normal physiological con-
ditions, the levels of OPG are significantly higher than those
of RANK-L. In contrast, in MM this balance is disrupted by
increased expression of RANK-L and decreased expression of
OPG on stromal cells after interaction with myeloma cells. It
has been suggested that the decline in OPG is also mediated
by myeloma cell uptake by binding to CD138 and subsequent
degradation. MIP-1α is a potent stimulator of osteoclast for-
mation through a dual mechanism: (i) it enhances the activity
of RANK-L and (ii) it directly stimulates osteoclast precursors
to differentiate into mature forms. MIP-1α gene expression is
abnormally regulated in MM due to unbalanced expression of
the acutemyeloid leukaemia (AML)-1A andAML-1B transcrip-
tion factors in myeloma cells. This imbalance also induces IL-3,
which stimulates osteoclast formation and resorption directly or
by further augmenting that of RANKL andMIP-1α; in addition,
as mentioned below, IL-3 inhibits osteoblast formation. Other
chemokines such as IL-7, TNFα and IL1β indirectly stimulate
osteolytic processes, inducing RANK-L expression. Other OAFs
secreted by myeloma cells and/or stromal/or osteoclasts cells
(e.g. HGF, IL-6, VEGF, activin A), further increase the gradient

of osteoclastogenic factors in focal lesions and contribute to
osteoclast production and activity.
In MM, in addition to the marked osteoclast activation, there

is inhibition of osteoblast formation and function, which is
mediated both by both soluble factors and direct cellular inter-
actions of myeloma and stromal cells. The WNT/bone mor-
phogenetic protein (BMP) signalling pathways are critical for
the osteogenic differentiation of mesenchymal stem cells to
mature bone-forming osteoblasts. Myeloma cells (and other BM
microenvironmental cells) produce numerous soluble factors
that inhibit osteoblast differentiation and/or function, such as
Wnt signalling antagonists (e.g. DKK1, sclerostin, soluble friz-
zled related proteins (sFRP-2/3)), BMP inhibitors (e.g. activin
A, TGF-β and HGF), and other cytokines and chemokines
(e.g. IL-7, TNF-α and IL-3 (which indirectly inhibits osteoblast
differentiation involving CD45+ cells in the BM)). In addi-
tion, osteoblastic cells from myeloma patients with lytic lesions
show reduced Runx2 activity, Runx2 being the major transcrip-
tion factor regulating osteoblast differentiation. Suppression of
Runx2 activity is mediated, at least in part, by cell-to-cell contact
of myeloma and mesenchymal osteoprogenitors, since blocking
of VLA4-VCAM1 interactions with a neutralizing anti-VLA4
antibody partially restored Runx2 function in mesenchymal
cells.

Differential diagnosis

The diagnostic criteria for the monoclonal gammopathies have
been reviewed by the International Myeloma Working Group
(IMWG). The main clinical entities are MGUS, primary sys-
temic amyloidosis (see also Chapter 32), smouldering multiple
myeloma and symptomatic multiple myeloma.

Monoclonal gammopathy of undetermined
significance

MGUS has a high prevalence (3.2% and 5.8% in individuals over
50 and 70 years of age, respectively). It is characterized by the
presence of a serum M-protein (<30 g/L) and less than 10%
plasma cells in the bonemarrowwith no evidence of other B-cell
lymphoproliferative disorder and no symptoms or organ or tis-
sue impairment due to themonoclonal gammopathy. The trans-
formation rate to a malignant plasma cell disorder is about 1%
per year, with an actuarial probability of malignant evolution of
30% at 25 years of follow-up. When the different causes of death
are considered, the actuarial probability of malignant transfor-
mation at 25 years of follow-up is only 11%,much lower than the
actuarial prediction. The main factors associated with MGUS
progression include M-protein size, IgA isotype, abnormal free
light-chain ratio and the ‘evolving type’ (rising M-protein dur-
ing the first years of follow-up), and the presence of more than

543



Postgraduate Haematology

95% phenotypically aberrant plasma cells within the bone mar-
row compartment.
When the proportion of bone marrow plasma cells is con-

sistent with MGUS, but the patient has a nephrotic syn-
drome, congestive heart failure, peripheral neuropathy, ortho-
static hypotension or massive hepatomegaly, the most likely
diagnosis is primary systemic amyloidosis resulting from the
deposition of amyloidogenic light chains.On the other hand, in a
patient with constitutional symptoms, lytic bone lesions, a small
M-spike and less than 10% plasma cells in the bone marrow, the
most likely diagnosis is metastatic carcinoma with coincidental
MGUS.

Smouldering multiple myeloma

The term ‘smouldering multiple myeloma’ (SMM) was first
defined byKyle andGreipp as the presence of a serumM-protein
(>30 g/L) and 10% or more plasma cells in the bone marrow in
the absence of lytic bone lesions or clinical manifestations due
to the monoclonal gammopathy. More recently, the IMWG con-
sidered that the term ‘asymptomatic myeloma’ could be more
appropriate. This conditionwas defined as the presence of anM-
protein (≥30 g/L) and/or 10% or greater bone marrow plasma
cells in the absence of symptoms or organ or tissue impairment
due to the monoclonal gammopathy. About 10% of patients
diagnosed with MM have smouldering disease. This situation is
clinically and biologically very close to that observed in MGUS.
However, the plasma cell mass is much higher and most cases
will eventually evolve into symptomatic MM.
The annual risk of progression to symptomatic disease is 10%

per year for the first 5 years, and it significantly decreases there-
after, 5% per year during the following 5 years and only 1% per
year from the 10th year. SMM is not a uniform entity, since it
includes from indolent, low-risk forms (that behave as MGUS)
to ‘early myelomas’ at high risk of developing symptomatic dis-
eases. This heterogeneous outcome is supported by the identi-
fication of risk factors predicting progression to symptomatic
MM. The Mayo Clinic Risk Classification proposes three differ-
ent subgroups of SMM: group 1 with ≥3 g/dL of MC and ≥10%
of plasma cells in bonemarrow, inwhich themedian time to pro-
gression (TTP) to symptomatic MM is 2 years; group 2 with <3
g/dL ofMCand≥10%bonemarrowplasma cellsM-proteinwith
a median TTP of 8 years and group 3 with ≥3 g/dL of MC, but
with <10% plasma cells bone marrow infiltration, translating
into a median TTP of 19 years. The Spanish group has proposed
a risk classification based on the percentage of PCs with aber-
rant phenotype (high risk if ≥95% of the total PCs are clonal)
plus immunoparesis (decrease in one or two of the uninvolved
immunoglobulins), with a median TTP of 23 months when the
two risk factors were present, as compared with 73months when
only one risk factor was present and not reached when none of
the risk factors was present. Other adverse risk factors include an

Table 29.2 Myeloma-related organ or tissue impairment
(end-organ damage) due to the plasma cell proliferative process.

� Increased serum calcium
� Renal insufficiency
� Anaemia: haemoglobin 20 g/L below the lowest normal limit
� Bone lesions: lytic lesions or osteoporosis with compression
fractures (possibly confirmed by MRI or CT)
� Other: symptomatic hyperviscosity (rare), amyloidosis,
recurrent bacterial infections (more than two episodes in
12 months), extramedullary plasmacytomas

abnormal serum free light chain (FLC), evolving levels of para-
protein, and cytogenetic abnormalities such as t(4;14), gain of
1q21 or hypodiploidy. Upon using either the Mayo or Spanish
critera, the high-risk SMM patients have a 70% risk of progres-
sion at 3 years. Moreover, more sensitive criteria can be used to
identify patients at ‘ultra-high risk of progression’ (70% trans-
form at 2 years): presence of FLC ratio ≥100, circulating PCs
(>5 × 106/L), more than 60% of BMPCs, focal lesions on spinal
magnetic resonance. These patients should probably be consid-
ered as early myeloma and they would be candidates for early
intervention. These risk stratification classifications may allow a
more individualized disease management.

Symptomatic multiple myeloma

The diagnosis of symptomatic MM requires the presence of
an M-protein in serum and/or urine, increased plasma cells in
the bone marrow or plasmacytoma, and related organ or tis-
sue impairment (including bone lesions). The more common
symptoms are fatigue from anaemia and bone pain due to the
skeletal involvement. Some patients may have no symptoms,
but they can have related organ or tissue impairment. Clinical
and laboratory features may include anaemia, skeletal involve-
ment (lytic lesions and/or severe osteoporosis, with or without
compression fractures), renal failure, hypercalcaemia, recurrent
bacterial infections, extramedullary plasmacytomas or associ-
ated amyloidosis (Table 29.2). The criteria agreed by the IMWG
for the diagnosis of symptomatic MM are shown in Table 29.3.

Table 29.3 Symptomatic multiple myeloma*.

� M-protein in serum and/or urine
� Bone marrow (clonal) plasma cells or plasmacytoma†
� Related organ or tissue impairment (end-organ damage,
including bone lesions)

*Some patients may have no symptoms, but have related organ or tissue
impairment.
†If flow cytometry is performed, most plasma cells (>90%) will show a
‘neoplastic’ phenotype.
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Table 29.4 Laboratory work-up for a patient with monoclonal
gammopathy.

� History and physical examination
� Complete blood count and differential peripheral blood film
� Chemistry including calcium and creatinine
� Serum protein electrophoresis and immunofixation
� Nephelometric quantification of immunoglobulins
� 24-hour urine collection for electrophoresis and
immunofixation
� Bone marrow aspirate (cytogenetics, immunophenotyping
and plasma cell labelling index if available)
� Radiological skeletal bone survey: CT or MRI may be helpful
� β2-Microglobulin, C-reactive protein and lactate
dehydrogenase
� Measurement of free monoclonal light chains if available

Of note, no serum or urine M-protein values were included,
since about 40% of patients with symptomaticMMhave a serum
M-protein level lower than 30 g/L and 3% have non-secretory
myeloma. In the same sense, no minimal proportion of bone
marrow plasma cells was required because about 5% of patients
with well-documented symptomatic MM have less than 10%
plasma cells in their bone marrow. Table 29.4 illustrates the lab-
oratory work-up for patients with monoclonal gammopathies.

Other special forms of plasma cell
dyscrasia

Plasma cell leukaemia

Plasma cell leukaemia was initially described by Kyle in 1974
as a plasma cell disorder characterized by a relative peripheral
blood plasmacytosis of more than 20% of total nucleated cells,
or an absolute number of plasma cells greater than 2 × 109/L.
It is likely that lower levels of circulating plasma cells (i.e. ≥5%
and/or ≥500 × 109/L has a similar prognostic meaning. There
are two forms of plasma cell leukaemia: the de novo presenta-
tion in leukaemic phase, and secondary cases corresponding to
already diagnosed MM that evolve into a leukaemic phase. The
clinical course of plasma cell leukaemia is usually very aggressive
and resistant to conventional treatment and therefore new agents
should be urgently investigated in these patients. A consensus
statement on the diagnostic criteria and treatment approach by
the International Myeloma Working Group has been recently
published.

Solitary plasmacytoma of bone

The existence of a solitary plasmacytoma has been recognized in
up to 3% of patients with a plasma cell dyscrasia, usually on the
vertebral column. The diagnostic criteria require the existence

of a solitary plasma cell tumour in which the biopsy confirms
plasma cell histology, a negative skeletal survey and absence of
plasma cell infiltration in a random bone sample (<10%), as
well as no evidence of anaemia, hypercalcaemia or renal impair-
ment. Some groups suggest that patients in whom a parapro-
tein persists after the eradication of plasmacytoma with local
treatment should undergo a review of the diagnosis. The treat-
ment of choice is local radiotherapy, but about two-thirds of
patients with solitary bone plasmacytoma develop MM at 10
years’ follow-up, with a median time to progression of 2 years.

Extramedullary plasmacytoma

Extramedullary plasmacytoma is a plasma cell tumour that
arises outside the bone marrow, most frequently in the upper
respiratory tract (nose, paranasal sinuses, nasopharynx and ton-
sils). Other sites include parathyroid gland, orbit, lung, spleen,
gastrointestinal tract, testes and skin. In most cases the lesion
is unique, although the presence of more lesions (multiple plas-
macytomas) has also been reported. Diagnosis is based on the
detection of the plasma cell tumour in an extramedullary site, in
the absence of bone marrow plasma cell infiltration, bone lytic
lesions and other signs of MM (end-organ damage).

Non-secretory multiple myeloma

This specific type of MM requires particular attention, since it
is very difficult to diagnose. The only way to make a definitive
diagnosis is to demonstrate the presence of tissue infiltration
(usually bone marrow) by cells with plasma cell morphology.
However, plasma cell infiltration must be greater than 10% and
clonality must be assessed by immunophenotyping (demonstra-
tion of cytoplasmic immunoglobulinswith restricted light chain:
positive production without excretion). In addition, the serum
free light chains are abnormal and this is a most useful parame-
ter for the follow-up. However, exceptional cases exist in which
no monoclonal protein can be observed within the plasma cells.
In these cases, it is mandatory to demonstrate clonality by the
study of the rearrangement status of the immunoglobulin genes.

IgM multiple myeloma

This exceptional form of myeloma has been reported very rarely
and must be distinguished from Waldenström macroglobuli-
naemia. The morphology and immunophenotype of the infil-
trating cells will give the definitive diagnosis, as well as the exis-
tence of osteolytic lesions, which are absent in Waldenström
macroglobulinaemia.

Osteosclerotic myeloma (POEMS syndrome)

POEMS syndrome is characterized by polyneuropathy,
organomegaly, endocrinopathy, M-protein and skin changes.
The clinical picture consists of a chronic inflammatory
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demyelinating polyneuropathy, more motor than sensory,
and osteosclerotic lesions. Hepatomegaly. hyperpigmentation,
hypertrichosis, angiomatous lesions on the trunk, gynaeco-
mastia, testicular atrophy and papilloedema or thrombocytosis
may occur. The M-protein is commonly of IgA λ type and the
bone marrow contains less than 5% plasma cells. Castleman
disease can be associated and VEGF is universally increased.
Biopsy of an osteosclerotic lesion may be necessary to confirm
the diagnosis. Mandatory diagnostic criteria are the presence
of an M-protein and polyneuropathy, and major criteria are
the presence of osteosclerotic lesions, Castleman disease and
elevated VEGF. At least the two major criteria plus one major
finding and a minor clinical criteria (above mentioned) are
necessary for diagnosis.
Amyloid disease is dealt with in Chapter 30.

Disease complications and their
management

Figure 29.4 illustrates the clinical manifestations of multiple
myeloma.

Bone involvement: assessment and treatment

Bone involvement is the most frequent clinical complication
in patients with MM. About 70% of patients have lytic bone

lesions, with or without osteoporosis, and another 20% have
severe osteoporosis without lytic lesions. This frequency corre-
sponds to conventional skeletal radiography assessment, a tech-
nique that is associated with low sensitivity (only demonstrating
lytic disease when at least 30% of bone substance has been lost),
particularly in some areas (ribs, sternum), low specificity (gas in
colon) and long examination time. However, it has two major
advantages: is widely available and remains as the international
standard (for CRAB criteria). Newer imaging techniques have
greater sensitivity compared with radiographic bone survey for
detection of MM bone lesions (Figure 29.5). Computed tomog-
raphy (CT) has the highest sensitivity for the detection of bone
defects and with the whole-body low-dose modality the radi-
ation exposure is much lower than with conventional CT, the
scanning time is short and it may replace conventional X-ray in
the near future.Magnetic resonance imaging has the highest res-
olution for soft tissue and bonemarrow infiltration; it is particu-
larly valuable for differentiation between benign and malignant
fractures, but is inferior to CT for assessment of bone disease.
Finally, positron emission tomography (PET) allows assessment
of tumour metabolism and disease activity (versus inactive or
necrosis), andmay be of prognostic significance; however, it still
requires great work on standardization.
These new techniques are already recommended to evaluate

patients with SMM and solitary plasmacytoma, and although up
until now the presence of one or more clear sites of osteolytic
bone destruction seen on CT and/or PET-CT does fulfill the

MRl CT-PET

Figure 29.5 MRI and PET/CT in a
myeloma patient. The arrows show a
myeloma lesion in the lower part of the
right iliac bone. The T2 weighted MRI
shows a hyperintense image (left) and an
active lesion at FDG PRT/CT is confirmed
(right).
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CRAB criteria, the situation will probably change soon. Never-
theless, great caution should be paid to avoid over-interpretation
of equivocal or tiny lucencies seen only on CT or PET-CT.
From the clinical point of view, the skeletal involvement leads

to bone pain and can result in pathological fractures. The patho-
physiology of bone disease has been described above. Some
patients develop pathological fractures of long bones and require
orthopaedic surgery. In the event of extensive lesions, surgery
can be followed by radiation therapy.On the other hand, prophy-
lactic orthopaedic intervention must be considered in patients
with large lytic lesions at high risk of fracture. It is impor-
tant to consider that patients with severe back pain due to ver-
tebral compression fractures can benefit from vertebroplasty
or kyphoplasty. Spinal cord compression caused by a vertebral
fracture is very rare in patients with MM. This complication
is usually caused by a plasmacytoma arising from a vertebral
body.
Between 15 and 20% of patients with MM have hyper-

calcaemia at the time of diagnosis. A common complication
of hypercalcaemia is renal impairment caused by interstitial
nephritis. Treatment of hypercalcaemia with hydration and bis-
phosphonates is a medical emergency. Zoledronic acid is the
bisphosphonate of choice (quicker response and significantly
longer time to recurrence compared with pamidronate).
The intravenous agents pamidronate and zoledronic acid are

of clinical benefit in the treatment of bone disease in patients
with MM. Pamidronate is administered at a monthly dose of
90 mg via a 2-hour intravenous infusion. Zoledronic acid, at a
monthly dose of 4 mg, is at least as effective as pamidronate and
has the advantage that it can be administered via a 15-min infu-
sion. In patients with renal function impairment, the dose of
zoledronic acid must be reduced to a maximum of 3 mg. It was

suggested that bisphosphonates should be used indefinitely, once
initiated. However, the appearance of severe late complications,
such as osteonecrosis of the jaw, related to the duration of bis-
phosphonate exposure has resulted in a reconsideration of the
initial recommendations. Osteonecrosis of the jaw is associated
with the duration of bisphosphonate exposure, type of bisphos-
phonate (higher with zoledronic acid than with pamidronate)
and history of recent dental procedure. The current recommen-
dations for treatment with bisphosphonates in MM patients,
based on consensus panels from both the IMWG and the ASCO,
do not recommend the initial use of bisphosphonates for more
than 2 years. In relapsed patients, treatment with bisphospho-
nates can be re-started and administered concomitantly with
active therapy. Finally, in patients in whom the bone disease is a
consequence of excess RANK-L activity, newer molecules such
as denosumabmight be of benefit. The pathogenesis ofmyeloma
bone disease is summarized in Figure 29.6.

Renal failure

About 20% of patients with MM have a serum creatinine higher
than 177 μmol/L (2 mg/dL) at diagnosis. The degree of renal
failure is usually moderate, with a serum creatinine lower than
354 μmol/L (4 mg/dL). However, in some series up to 10% of
patients with newly diagnosed MM have renal failure severe
enough to require dialysis from the time of diagnosis. The
main causes of renal failure in MM are: (i) light-chain excre-
tion resulting in cast nephropathy (myeloma kidney) and (ii)
glomerular deposition of immunoglobulin (light-chain amyloi-
dosis or immunoglobulin deposition disease). In myeloma kid-
ney, the typical feature consists of the presence of myeloma
casts, mainly composed of light chains, in the distal tubules and

RANKL

RANK

Myeloma
cell

MCP1
MCP2

MCP3

Stromal
cell

AML-1A
AML-1B

Osteoclast
precursor

Osteoclast

Bone
disease

Bone

CP

Osteoblast

Wnt pathwayDKK1
sFRP-2*

Osteoprotegerine

IL-6
MIP-1α 

VEGF

Figure 29.6 Pathogenesis of bone disease.
See text for definition of abbreviations.
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collecting ducts. There is a correlation between the degree of
cast formation and the severity of renal failure. Light-chain
tissue deposition usually consists of glomerular deposits of
immunoglobulins, resulting in nephrotic syndrome. The amy-
loid deposits are fibrillar structures of light chains showing pos-
itive Congo red staining. In light-chain deposition disease, the
deposit of light-chain immunoglobulins is non-fibrillar (Congo
rednegative). In contrastwith amyloidosis, the light chain is usu-
ally of the κ type. The characteristic clinical feature is a nephrotic
syndrome, but renal function can rapidly deteriorate, resembling
glomerulonephritis (see also Chapter 30).
The median survival of patients with MM and renal insuf-

ficiency is less than 1 year. However, the prognosis mainly
depends on the reversibility of renal function. Thus, the median
survival of patients with reversible renal failure is similar to that
of patients with normal renal function, whereas patients with
non-reversible renal failure have a median survival of less than
6 months. The factors associated with renal function recovery
include serum creatinine lower than 354 μmol/L (4 mg/dL), 24-
hour urinary protein excretion lower than 1 g, and serum cal-
cium higher than 2.875 mmol/L (11.5 mg/dL).
Vincristine, doxorubicin (Adriamycin) and high-dose dex-

amethasone (VAD), or cyclophosphamide and dexamethasone,
or even dexamethasone alone, in very frail patients, appear to be
better approaches thanmelphalan-containing regimens because
of both lower myelosuppression and quicker action. The novel
drugs introduced for myeloma treatment are of great value in
patients with renal failure. Taking into account that the action
of bortezomib is very quick, it is probably an ideal agent for
rapidly decreasing light chains in order to prevent the devel-
opment of irreversible renal failure by avoiding further tubu-
lar light-chain damage. In a retrospective series of 24 patients
with relapsed/refractory MM and dialysis-dependent renal fail-
ure, the overall response rate (RR) was 75%, with 30% com-
plete remissions (CR) or near-CR. Recent studies have con-
firmed the benefit of bortezomib-based therapies in patients
with newly diagnosed myeloma and renal failure. The associa-
tion of lenalidomide and dexamethasone could also be a good
treatment option for patients with renal failure. However, the
dose of lenalidomide must be adjusted to the degree of renal
failure according to the guidelines for the use of lenalidomide
in patients with renal function impairment.
With regard to the use of high-dose therapy/autologous stem

cell transplantation (SCT) in patients with MM and renal fail-
ure, the largest experience comes from the Arkansas group,
with a reversibility of renal failure of 43%, but higher morbid-
ity and mortality (6% and 13% after a single or tandem trans-
plant, respectively) than in patients with normal renal function.
Chemoresistant disease, low serum albumin and older age were
associated with a poorer outcome. In any event, the dose of
melphalan must be reduced to 140 mg/m2. In patients with no
overtmyeloma and lowplasma cellmass inwhom renal function
impairment is due to glomerular light-chain deposition (light-

chain deposition disease), the likelihood of response is higher
than that in MM because of the low plasma cell mass at the time
of transplantation. In this situation there is no need for tumour
reduction with induction chemotherapy before stem cell mobi-
lization and high-dose therapy.
Theoretically, the removal of nephrotoxic light chains with

plasma exchange could avoid further renal failure and hopefully
prevent irreversible renal failure. The Mayo Clinic group, in a
small controlled trial, compared chemotherapywith chemother-
apy plus plasma exchange and found only a trend in favour of the
group including plasma exchange. Similarly, in a large random-
ized trial there was no conclusive evidence that plasma exchange
improved the outcome of patients withMM and acute renal fail-
ure. When excluding the patients who die in this early period,
the median survival of patients with MM and non-reversible
renal failure needing chronic dialysis is almost 2 years and 30%
of them survive for more than 3 years. Thus, long-term dialysis
is a worthwhile supportive measure for patients with MM and
end-stage renal failure. The use of high cut-off dialysis filters is
very promising and hopefully prospective ongoing studies will
confirm its benefit.

Anaemia and bone marrow failure

Approximately 35% of patients with newly diagnosed MM have
a haemoglobin level lower than 90 g/L. In addition, severe
anaemia is a frequent complication later in the course of the
disease due to disease progression. Anaemia is associated with
a significant loss in quality of life and poor prognosis. The
main causes of anaemia in MM are bone marrow replacement
by plasma cells, relative erythropoietin deficiency, renal insuffi-
ciency and chemotherapy with cytotoxic agents.
Severe granulocytopenia and thrombocytopenia at the time

of diagnosis are unusual. About 10% of patients have a platelet
count of less than 100 × 109/L, but platelet counts lower than
20 × 109/L with risk of severe bleeding are very unusual. The
development of an unexplained pancytopenia in patients previ-
ously treated with alkylating agents, particularly melphalan, is
suspicious of myelodysplasia.
A number of trials have shown the beneficial effect of recom-

binant human erythropoietins and darbepoetin-α in the treat-
ment of myeloma-associated anaemia. The response to erythro-
poietin is associated with a significant improvement in qual-
ity of life. An important aspect is that the most significant
improvement in quality of life is reached when the haemoglobin
increases from 110 to 120 g/L, but levels above 140 g/L should
be avoided due to its association with a higher risk of thrombo-
sis. Thus, the goal should be maintenance of the haemoglobin
around 120 g/L, with careful dose titration in order to achieve a
good quality of life, while minimizing severe complications such
as thrombotic events. The major cause of erythropoietin fail-
ure is iron deficiency. Iron repletion should be indicated when
there is evidence of functional iron deficiency measured by an
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increased soluble transferrin receptor. It seems that the best iron
supplemental therapy is the administration of iron saccharate.
Treatment with granulocyte colony-stimulating factor (G-CSF)
may be required to treat chemotherapy-induced severe granu-
locytopenia. Patients treated with lenalidomide may require G-
CSF therapy.

Infection

Infectious complications are the major cause of morbidity and
mortality in patients with MM. The highest risk of infection is
observed during the first 2months of starting therapy, in patients
with severe chemotherapy-induced granulocytopenia and in
those with relapsed and refractory disease. The main cause of
infection in MM is the impaired antibody production, leading
to a decrease in the uninvolved immunoglobulins. Other impor-
tant causes include chemotherapy-induced granulocytopenia,
renal function impairment and glucocorticoid treatment, partic-
ularly high-dose dexamethasone. Most infections in newly diag-
nosed patients and during the first cycles of chemotherapy are
caused by Streptococcus pneumoniae, Staphylococcus aureus
and Haemophilus influenzae, while in patients with renal fail-
ure, as well as in those with relapsed and/or refractory advanced
disease, more than 90% of the infectious episodes are caused by
Gram-negative bacilli or Staph. aureus.
An infectious episode in a patient with MM should be man-

aged as a potentially serious complication requiring immedi-
ate therapy. In case of suspected severe infection and before
the identification of the causal agent, treatment against encap-
sulated bacteria and Gram-negative microorganisms should be
initiated. Although prophylaxis of infection in patients with
MM is a controversial issue, some general guidelines can be
offered. Intravenous immunoglobulin prophylaxis is not rec-
ommended. Pneumococcal vaccination is recommended, par-
ticularly in patients with IgG myeloma with high-serum M-
protein levels, which are usually associated with very low levels
of uninvolved immunoglobulins. Antibiotic prophylaxis is likely
of benefit within the first 2 months of initiation of therapy, espe-
cially in patients at high risk of infection (recent past history of
serious infections, such as recurrent pneumonia, or renal fail-
ure). Patients treated with bortezomib should receive prophy-
laxis against varicella-zoster infections.

Nervous system involvement

Spinal cord compression from a plasmacytoma, which occurs in
about 10%of patients, is themost frequent and serious neurolog-
ical complication in MM. The dorsal spine is the most common
site of involvement, followed by the lumbar region. The clini-
cal picture of spinal cord compression consists of back pain and
paraparesis. Although it can evolve for several days or even a few
weeks, the onset can be abrupt, resulting in severe paraparesis or
paraplegia in a few hours. The picture is usually accompanied by

a high sensitivity level. Lumbar involvement can cause a cauda
equina syndrome (low back pain with radicular distribution and
leg weakness).
Spinal cord compression is an emergency requiring immedi-

ate medical action.When suspected, urgent magnetic resonance
imaging (MRI) should be performed. If confirmed, treatment
with high-dose dexamethasone must be started immediately at
a loading dose of 100 mg, followed by 25 mg every 6 hours,
followed by progressive tapering. Simultaneous local radiation
therapy should be started as soon as possible. If the spinal cord
compression is caused by a vertebral collapse or by spinal insta-
bility rather than a plasmacytoma (which is very rare), urgent
surgical decompression followed by fixation of a prothesis of
bone graft or methacrylate is required.
Nerve root compression can cause back pain that follows a

radicular metameric distribution with or without radicular sen-
sory involvement. Treatment with radiation therapy is helpful,
allowing time for the action of systemic chemotherapy. Clin-
ically significant peripheral neuropathy (PN) is very uncom-
mon in newly diagnosed patients with MM. Leptomeningeal
involvement in the central nervous system (CNS) with detec-
tion of plasma cells in the cerebrospinal fluid (CSF) is exceed-
ingly rare. The frequency of CNS involvement is roughly 1%,
the most frequent presenting features being paraparesis, symp-
toms from increased intracranial pressure, cranial nerves palsies
and confusion. The CSF examination frequently shows plasma
cells of plasmablasticmorphology, aswell as an increased protein
concentration with positive immunofixation for the myeloma
protein. Unfortunately, despite active treatment measures such
as intrathecal therapy (methotrexate, cytarabine, glucocorti-
coids), cranial or even craniospinal irradiation, the prognosis
is extremely poor with a median survival of 3 months from the
diagnosis of CNS involvement.

Prognostic factors

The outcome for patientswithMMis highly heterogeneous,with
survival duration ranging from a few months to more than 10
years. This heterogeneity relates to: (i) specific characteristics
of the tumour itself, (ii) host factors and (iii) a series of factors
resulting from the interaction between the tumour clone and the
host, which mainly reflect tumour burden and disease compli-
cations (Table 29.5).

Host factors

The favourable influence of a good performance status
(ECOG ≥ 2) and young age (<65–70 years) is well established.
In contrast, neither sex nor race has prognostic influence.
Immune surveillance, by T and natural killer (NK) cells, plays
a relevant role in most malignancies, and low numbers of
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Table 29.5 Prognostic factors in MM.

Prognostic factors Tumour related Host related Tumour burden

Essential Cytogenetics/FISH: t(4;14), t(14;16),
17p deletions, 1q gains, 1p deletions

Age
Performance status

International Staging System
(β2-microglobulin/albumin)

Additional Hypodiploidy
LDH
Plasma cell proliferation
Immunophenotyping markers

New and promising DNA copy number abnormalities by
SNP arrays

Immune status Circulating clonotypic plasma cells
sRANK-L

mature NK and CD4 cells have been reported in advanced-
stage MM. In addition, patients who develop expanded T-cell
clones (CD8+CD57+CD28−), which can recognize autolo-
gous idiotypic immunoglobulin structures, display favourable
outcome.

Malignant clone factors

The second cohort of prognostic factors are those that reflect
specific characteristics of myelomatous plasma cells and include
morphology, immunophenotyping, cytogenetics, oncogenes,
multidrug resistance and proliferative activity of plasma cells.
Immature/plasmablastic morphology is associated with poor
outcome. With regard to antigen expression, we have observed
that downregulation of CD117 (c-Kit) and CD56, and expres-
sion of CD28 and CD19, are associated with poor prognosis.
As occurs with acute leukaemia, cytogenetic abnormalities are
the most important prognostic markers for MM. Nowadays,
cytogenetic evaluation is mandatory in all patients with newly
diagnosed MM, and should always include FISH in purified
PCs or in combination with immunofluorescent detection of
light-chain-restricted PCs (cIg-FISH). Among IGH transloca-
tions, patients with t(4;14) treated with either conventional or
intensive chemotherapy display shorter event-free survival and
overall survival. However, recent analysis supports the notion
that patients with t(4;14) make up a heterogeneous group.
Thus, the French group has discriminated a subgroup of these
patients (approximately 45%) with both low β2-microglobulin
and high haemoglobin levels at diagnosis, which displays pro-
longed survival after tandem transplant and benefits from high-
dose therapy. The association of t(14;16) with prognosis has
not been well supported because of its low frequency. Accord-
ing to Mayo Clinic data, t(14;16) was linked to poor outcome
in the context of conventional chemotherapy. However, contro-
versial results have been reported using autologous transplant:
the IFM group did not confirm the poor prognostic value of
t(14;16) in patients receiving a tandem-autologous transplanta-
tion approach, whereas a recent study from the MRC showed
a significantly shorter survival among patients with t(14;16)

treated with autologous transplant. In contrast to t(4;14) and
t(14;16), the presence of t(11;14) was shown to have either a
favourable or an irrelevant influence on prognosis. Initial studies
indicated that monosomy 13/del(13) was associated with poor
outcome; however, analyses based on large series ofMMpatients
have revealed that the presence of monosomy 13/del(13) as a
unique abnormality, without concomitant IGH abnormalities, is
not indicative of unfavourable prognosis. In contrast, del(17p)
(with deletion of the TP53 gene) is one of the most, if not the
most, adverse prognostic factor in MM. It seems that the higher
the proportion of PCs bearing 17p deletions, the shorter the sur-
vival. Several studies have shown that 1q gains have a signifi-
cant and independent poor prognostic factor; in addition, the
IFM group has reported that 1p deletions are a major indepen-
dent prognostic factor. Moreover, the presence of complex, as
well as non-hyperdiploid karyotypes also predict treatment fail-
ure. In contrast, hyperdiploid tumours with multiple trisomies
involving chromosomes 3, 5, 7, 9, 11, 15, 19 and 21 tend to
have a favourable prognosis. In line with this latter observation,
we have shown that patients with hyperdiploid DNA cell con-
tent (defined by flow cytometry) have a favourable outcome.
Finally, the proliferative activity of themalignant plasma cells, as
assessed either by the labelling index with bromodeoxyuridine
or by flow cytometry, is one of the most important prognostic
markers.
One of the aims of cytogenetic classification is to define

a high-risk group that should be managed differently from
standard-risk patients. According to IMWG recommendation,
the term ‘high-risk MM’ should include those patients with at
least one of the following features: deletion of 17p, t(4;14) or
t(14;16), detected by FISH analysis. Hypodiploidy defined by
karyotyping is also used by the Mayo Clinic to define high-risk
patients. Recently, a prognostic model in MM based on the fre-
quently associated genetic lesions has been proposed. Accord-
ingly, three genetic risk groups were defined: a favourable risk
group with no adverse FISH lesions, an intermediate group with
one adverse genetic lesion – t(4;14), t(14;16) or t(14;20); 17p
deletion or 1q gain – and a high-risk group with more than one
adverse genetic lesion.
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Tumour burden and disease complications

A high proportion of plasma cells in the bone marrow, dif-
fuse bone marrow infiltration and the presence of circulating
plasma cells reflect a high tumour burden, but their prognos-
tic influence is modest. Similarly, the impact of skeletal lesions,
evaluated by radiography or bone resorption markers, is not
clear. In contrast, disease complications such as anaemia, throm-
bocytopenia and particularly renal insufficiency have a major
influence. Nevertheless, the most important factor is the con-
centration of β2-microglobulin, which increases as a result of
both growth of tumour burden and deterioration in renal func-
tion. The higher the value, the worse the prognosis. Neverthe-
less, β2-microglobulin is not helpful for disease monitoring. C-
reactive protein is a surrogate marker for IL-6 (a major plasma
cell growth factor), which also correlates with outcome. In con-
trast to hypoalbuminaemia, neither the amount of paraprotein
nor its isotype influences prognosis.
Only a few of the prognostic factors have real independent

value. A summary of the most important is shown below:
1 Two host factors (age and performance status) reflect the
ability of the patient to tolerate chemotherapy
2 Two intrinsic characteristics of the malignant clone (cytoge-
netics and plasma cell proliferative activity)
3 One biochemical marker that reflects tumour burden (𝛽2-
microglobulin).
The International Staging System (ISS), derived from more

than 11,000 patients, has shown that β2-microglobulin and albu-
min are the best combination of easily available markers for
discriminating prognostic subgroups: stage I (β2-microglobulin
<3.5 mg/dL, albumin> 3.5 mg/dL); stage III (β2-microglobulin
>5.5 mg/dL); stage II (the rest). This substitutes for the Durie
and Salmon classification, which affords little prognostic infor-
mation. In the next few years, improved staging systems using
cytogenetics and S-phase analysis should be developed for
use by reference centres and eventually for all patients with
myeloma.

Response to therapy as a prognostic factor

In addition to all the variables that can be measured at diagnosis
and which have already been mentioned, response to front-line
therapy represents one of the most important prognostic factors
inmost haematological malignancies. In the case ofMM there is
still open debate about the importance of the depth of response
on patient outcome. The reason for this controversy is probably
that, historically, until the introduction of high-dose chemother-
apy, CR was extremely rare and the only available comparison
was between responding patients (achieving partial or minor
responses) and non-responding patients, with the former having
a better outcome. A recently published meta-analysis, including
21 reports with independent datasets for which outcome data
were reported, has shown a very significant association between

the maximal response obtained after treatment and the two
main long-term-outcome parameters, i.e. overall survival (OS)
and time to progression-related events. However, it is clear that
more sensitive techniques (e.g. multiparametric immunophe-
notyping, molecular analysis of bone marrow plasma cells by
PCR, serum free light-chain test and imaging techniques such as
MRI or PET to detect myeloma activity outside the bone mar-
row) are needed to evaluate response in MM and these may
contribute to a better assessment of the impact of response in
final outcome. Both the Spanish and UK groups have shown
that when transplanted and elderly MM patients show unde-
tectable residual myelomatous plasma cells by immunopheno-
typing, progression-free survival (PFS) and OS are significantly
longer, and this parameter is significantly more powerful than
negative immunofixation.

Criteria of response
Response criteria were initially developed by the Chronic
Leukaemia and Myeloma Task Force (CLMTF) in 1968. The
main response parameter was a minimum 50% reduction in the
M-protein. In 1972 the Southwest Oncology Group (SWOG)
defined partial response (PR) as a reduction of at least 75% in the
calculated serum paraprotein synthetic rate and/or a decrease
of at least 90% in urinary light-chain urine protein excretion
sustained for at least 2 months. The Medical Research Coun-
cil (MRC) introduced the concept of plateau phase, defined as
a period of stability after chemotherapy in which tumour pro-
gression does not occur, despite the presence of measurable dis-
ease. The minimum period of stability required for definition
of plateau phase was 3 months. Since CRs were rarely observed
with the classical conventional dose chemotherapy, neither the
CLMTF nor the SWOG response criteria included a definition
of CR. In addition there were no definitions for relapse and pro-
gression.

EBMT criteria for response, relapse and
progression
With the introduction of high-dose therapy/SCT, the M-protein
disappears in a significant number of patients, a fact that is asso-
ciated with a significant prolongation of survival. In this con-
text, the European Group for Blood and Marrow Transplan-
tation (EBMT) developed new criteria defining CR (negative
immunofixation in serum and urine and less than 5% bonemar-
row plasma cells), PR (≥50% reduction in serumM-component
and≥90% in 24-hour urine Bence–Jones proteinuria) andmini-
mal response (MR) (25–49% decrease inM-component), as well
as criteria for relapse (reappearance ofM-protein by immunofix-
ation in patient who had achieved CR, and progression from PR
or MR). Any type of response should be maintained for a min-
imum of 6 weeks. These criteria have been shown to be useful
and reproducible in both transplant and non-transplant series,
as well as in prospective clinical trials.
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Table 29.6 International uniform response criteria for multiple
myeloma (IMWG response criteria).

Response category* Criteria

Complete remission
(CR)

Negative immunofixation (serum
and urine)

<5% bone marrow plasma cells
No soft tissue plasmacytomas

Stringent CR As above, plus
Normal free light-chain ratio
Absence of clonal plasma cells†

Very good partial
response

≥90% decrease in serumM-protein

Urine M-protein <100 mg per 24
hours

Partial response ≥50% decrease in serumM-protein
≥90% decrease in urine M-protein
or <200 mg per 24 hours

≥50% decrease in soft tissue
plasmacytomas

*All response categories require two consecutive measurements made at
any time.
†Determined by immunohistochemistry or immunofluorescence.

Uniform response criteria
The IMWG has expanded the EBMT criteria by adding the cat-
egories of stringent CR (sCR) and very good partial response
(VGPR) (Table 29.6). Patients with negative immunofixation
in serum and urine and with a normal free light-chain ratio
are considered in sCR. The free light-chain measurement has
also been included for the evaluation of response in patients
with non-secretory and oligosecretory disease. VGPR requires
a decrease in the M-protein size of at least 90%. In addition,
time to event, duration of response, clinical relapse and time to
alternative therapy are emphasized as critical end points. More
recently, the IMWGhas considered the possibility of also adding
the parameters ‘CR by immunophenotyping’ and ‘CR by molec-
ular techniques’, as well as the reintroduction ofminor responses
for treatment evaluation of relapse/refractory patients.

Treatment

In this section we focus on the treatment of the malignant clone,
since the management of disease complications (anaemia, renal
insufficiency, bone disease) has been discussed above.
Melphalan–prednisone (MP) was introduced for the treat-

ment of MM in the late 1960s. In the subsequent 30 years,
treatment improvements remained stagnant, since more com-
plex chemotherapy combinations (e.g. VCMP, VBAD, VAD)

only led to small increases in the overall RR, but without dif-
ferences in survival, as assessed in a large meta-analysis that
included over 6000 patients. The next step forward was the use
of high-dose melphalan followed by stem cell support (autolo-
gous SCT) for young myeloma patients, which resulted in a sig-
nificant improvement in disease-free survival and OS. However,
for elderly patients, MP remained the standard of care. From
2000, there was a revolution in the treatment of MM with the
availability of new agents with distinct mechanisms of action:
the immunomodulatory drugs thalidomide and lenalidomide
(Revlimid) and the proteasome inhibitor bortezomib (Velcade).
In this section we first discuss the treatment of newly diag-

nosed patients stratified according to age (above or below
65–70 years), which categorizes the patients as transplant or
non-transplant candidates, and then analyse the options for
relapse/refractory patients, as well as emerging novel agents.

Should all myeloma patients be treated?

Currently, only myeloma patients with symptomatic disease
(defined by CRAB criteria) should be treated, patients with
smouldering myeloma are not treated until they develop symp-
tomatic disease. Attempts at early intervention in SMM patients
with alkylating agents, bisphosphonates, antagonists of the
receptor of interleukin 1β or thalidomide failed to show a sig-
nificant benefit; however, none of these studies discriminated
between high- and standard- or low-risk SMM patients. By con-
trast, the Spanish group has conducted a Phase III random-
ized trial focusing on high-risk smouldering myeloma patients,
comparing early treatment with lenalidomide–dexamethasone
induction therapy followed by lenalidomide maintenance ther-
apy versus observation. The results showed that the experimen-
tal arm was associated with a significant delay in progression to
symptomaticmyeloma (3 years after study entry, 77% of patients
in Group A and 30% in Group B were progression-free; haz-
ard ratio, 5.59; P < 0.001). This delay translated into a signifi-
cant overall survival benefit (the proportions of patients alive at
3 years was 94% and 80%, respectively; hazard ratio, 3.24; P =
0.03). Although, these data suggest a benefit for early interven-
tion in high-risk SMM patients, other trials are needed before
this becomes a new standard of care. Moreover, ongoing efforts
are trying to better define the high-risk population.

Treatment of newly diagnosed transplant
candidate patients

Currently, treatment in this setting usually includes three to six
cycles of induction therapy, followed by autologous SCT and the
possibility of consolidation and maintenance.

Induction
The VAD combination has long been the gold standard as a
preparatory regimen for young newly diagnosed MM patients
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Table 29.7 Response to induction treatment in transplant candidate patients: results from Phase III front-line trials*.

Regimen Patients PR or better (%) CR+ n-CR (%) Study

TD versus D 470 63 versus 46 7 versus 2.6 Rajkumar et al. (2008)
TD versus VAD 200 76 versus 52 10 versus 8 Cavo et al. (2005)
TAD versus VAD 400 – 35 versus 13 Macro et al. (ASH 2006)
TVAD versus VAD 230 81 versus 66 – Zervas et al. (2007)
CTD versus CVAD 1161 87 versus 75 13 versus 8 Morgan et al. (ASH 2012)
BD versus VAD 482 80 versus 63 21 versus 8 Harousseau et al. (2010)
BTD versus TD 256 93 versus 74 36 versus 9 Cavo et al. (2010)
LDhigh versus LDlow

† 445 82 versus 71 4 versus 2 Rajkumar et al. (2010)
LD versus D 198 85 versus 51 22 versus 4 Zonder et al. (ASH 2007)
BTD versus TD 257 35 versus 14 Rosiñol et al. (2012)
PAD versus VAD 827 7 versus 2 Sonneveld et al. (2012)

*Response after autologous SCT (CR + n-CR): TAD versus VAD (16% versus 11%); CTD versus CVAD (51% versus 39%); BD versus VAD (35% versus
24%); BTD versus TD (57% versus 28%), BTD versus TD (46% versus 24%), PAD versus VAD (21% versus 5%), CTD versus CVAD (33% versus 25%)
∗High-dose dexamethasone (three pulses), low-dose dexamethasone (one pulse).
†A, Adriamycin; B, bortezomib; D, dexamethasone; L, lenalidomide; T, thalidomide; V, vincristine; CR, complete remission; n-CR, near complete
remission; ASH, American Society of Hematology (Annual Meeting).

who are candidates for autologous SCT, with PR rates ranging
from52 to 63% andCR rates from3 to 13%.However, novel drug
combinations are superior to VAD-like regimens for decreasing
tumour burden before transplantation. As shown in Table 29.7,
three randomized trials have compared thalidomide (T)-based
regimens (TD or TAD or TVAD) versus either high-dose dex-
amethasone or VAD as initial therapy in transplant-eligible
patients. In all studies, thalidomide combinations were supe-
rior to conventional induction treatment, although the response
rate (PR or greater) obtained with thalidomide plus dexametha-
sone (63%) was lower than that achieved with TAD or TVAD
(80%, with CR rates usually <10%). The MRC group has com-
pared cyclophosphamide (C) plus thalidomide and dexametha-
sone with CVAD as an induction regimen before transplanta-
tion; the thalidomide arm was significantly superior (RR 87%
versus 75%; CR 20% versus 12%). In studies evaluating borte-
zomib (B) combination therapy, data from a French randomized
trial that compared bortezomib plus dexamethasone with VAD
show the superiority of bortezomib plus dexamethasone, both
before and after transplantation (Table 29.7). The Italian group
has shown the superiority of bortezomib, thalidomide and dex-
amethasone over thalidomide and dexamethasone (Table 29.7).
The high efficacy of bortezomib-based regimens as induction
treatment is consistent with several pilot studies using either
bortezomib plus dexamethasone alone or in combination with
doxorubicin (Adriamycin/Doxil) or thalidomide, with RRs usu-
ally over 80% and CR rates of 18–32%. The Spanish group has
also shown that BTD is superior in CR rate to TD both pre- and
post-transplant and also in PFS. With regard to lenalidomide,
two large randomized studies have shown that the majority of

patients (>85%) respond to lenalidomide plus dexamethasone
induction, but a minimum of four to six cycles would probably
be required to achieve a substantial number of CRs. Thalido-
mide or bortezomib combinations did not affect stem cell col-
lection or granulocyte and platelet recovery after transplanta-
tion. For lenalidomide, three recent reports indicate a decrease
in CD34-positive cells collected and recommended harvesting
early in the course of induction with lenalidomide and/or using
cyclophosphamide along with G-CSF. It is evident that the pre-
transplant induction regimen should be a triple combination
based on bortezomib and dexamethasone. No data are available
to draw conclusions regarding the superiority of one combina-
tion, such as BTD, BLD, BCD or BAD over the other.

Autologous stem cell transplantation
High-dose therapy (usually melphalan 200 mg/m2) followed
by autologous SCT prolonged OS compared with standard-
dose therapy in prospective randomized trials conducted by the
French (IFM) and English (MRC) groups and has provided evi-
dence for more than 10-year survivorship in at least a subset of
patients. Nevertheless, although the SWOG 9321 study in the
USA, the French MAG91 study and the Spanish PETHEMA-94
trial confirmed the benefit of autologous SCT in terms of RR
and event-free survival (EFS), they did not find superiority in
terms of survival compared with standard-dose therapy. These
discrepancies can be partly explained by differences in study
design, differences in the conditioning regimens and, particu-
larly, differences in the intensity and duration of the chemother-
apy arm (the dose of alkylating agents and steroids was higher
in the SWOG and Spanish trials, which may explain why OS for
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conventionally treated patients was longer in these two studies
compared with the IFM andMRC trials). Despite these discrep-
ancies, high-dose therapy is currently considered the standard of
care for younger patients with MM, mainly based on the benefit
for RR and EFS.
In the setting of novel agents, it is also important to define

whether autologous SCT enhances the RRs obtained with these
new induction regimens. As mentioned above, studies based
on bortezomib combinations, particularly those using BTD or
PAD, have shown that the CR rate was improved following autol-
ogous SCT (Table 29.8), suggesting that induction with novel
agents and autologous SCT are complementary rather than alter-
native treatment approaches. Nevertheless, the benefit in terms
of EFS and OS remains to be seen. Data on lenalidomide are
very encouraging, though still scanty. However, some investiga-
tors argue that this approach may be challenged by the optimal
results obtained with ‘long-term’ treatment with novel combina-
tions (i.e. lenalidomide plus dexamethasone).
With regard to tandem autologous SCT, its use will decrease

since according to the French and Italian experience, only
patients achieving less than a VGPR with the first transplant
benefit from the second; nevertheless, recent data suggest that
tandem transplant may be valuable in patients with high-risk
cytogenetics. Second transplant at relapse may be increasingly
used, providing that the duration of the response to the first
transplant has lasted for more than 2–3 years.

Consolidation and maintenance
The concept of consolidationwith short-term therapy consisting
of two or three full-dose cycles in order to further decrease the
tumourmass ismost promising and there are international trials
investigating the role of consolidation after ASCT.
The next step in the sequence of treatment is maintenance.

Interferon and/or corticosteroids have shown little benefit and
have been abandoned. The availability of novel agents (particu-
larly thalidomide and lenalidomide, which are available in oral
formulations) has transformed the concept of maintenance in
an attempt to prolong the duration of responses after trans-
plantation. Six randomized trials have investigated the role of
maintenance with thalidomide. In all six there was a benefit
in PFS (6 months prolongation according to a meta-analysis),

but only in three was OS prolonged. This raises an important
concern about whether the continuous use of novel agents may
induce more resistant relapses with shorter survival after relapse
in some studies. Two large randomized studies, by the IFM and
theCALGBgroups, of lenalidomidemaintenance versus placebo
have shown a significant benefit in PFS and in the CALGB trial
also a significant prolongation of OS. However, there was an ini-
tial concern on the occurrence of second primary malignancies
with lenalidomide in both trials and a short survival after relapse
in the French study. A recent Italian trial also showed the bene-
fit of lenalidmide maintenance. Regarding bortezomib mainte-
nance, in two trials there was a benefit in PFS, but in OS only in
one. Several prospective international trials on the role of main-
tenance are ongoing.

Allogeneic stem cell transplantation
Allogeneic SCT remains the only curative therapeutic approach
in MM. However, it is associated with a high TRM (up to 30–
50%) and high morbidity, mainly due to chronic graft-versus-
host disease (GVHD). Accordingly, it should be used in care-
fully defined situations and preferably within the context of
clinical trials. In order to decrease TRM, different reduced-
intensity conditioning regimens (allo-RIC), mainly based on
fludarabine and melphalan or fludarabine plus radiotherapy (2
Gy) have been introduced. The TRM decreases to 15 to 25%,
but this is associated with a higher incidence of relapses. In a
prospective randomized trial, the French group compared dou-
ble autologous SCT with autologous SCT followed by allo-RIC
among patients displaying poor prognostic features (high β2-
microglobulin and monosomy 13). The results of double autol-
ogous SCT or autologous SCT followed by allo-RIC were sim-
ilar. In contrast, the Italian group, using a similar approach,
has described an improvement in terms of OS among patients
receiving autologous SCT followed by allo-RIC compared with
double autologous SCT. The Spanish group also reported a com-
parison between double autologous SCT and autologous SCT
followed by allo-RIC in patients failing to achieve at least near
CR after a first autologous SCT. Although there was a higher
increase in CR rate and a trend towards a longer PFS in favour
of allo-RIC, there was a statistical difference in EFS and OS. The
EBMThas reported the updated results of allo-RIC versus ASCT

Table 29.8 Result of randomized trials comparing autologous SCT with chemotherapy.

Patients CR (%) EFS (months) OS (months)

IFM90 (Attal et al. 1996) 200 22/5 28/18 57/44
MRC 03 (Child et al. 2003) 401 44/8 31/19 54/42
PETHEMA 95 (Bladé et al. 2005) 185 30/11 42/33 61/66
US-Intergroup (Barlogie et al. 2006) 516 11/11 25/21 58/53

CR, complete remission; EFS, event-free survival; OS, overall survival.
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after amedian follow-up of 7 years, showing a significant benefit
in PFS andOS in favour of allo-RIC. Differences in patient char-
acteristics, GVHDprophylaxis and conditioning regimens could
contribute to these discrepant results. Moreover, unfortunately,
a high proportion of patients developed extramedullary relapses
without bone marrow involvement, indicating that although
the disease may be under control in the bone marrow milieu,
extramedullary spread may occur. In any event, about 10 to 15%
of patients undergoing an allogeneic transplant are cured.
With regard to the use of allogeneic SCT as rescue therapy,

a prerequisite is to obtain a CR or VGPR before the transplant,
since most patients with active disease will not benefit from this
procedure. Once again these transplants should be performed by
experienced groups andwithin clinical trials. Donor lymphocyte
infusions given for relapsedmyeloma following allogeneic trans-
plantation induce responses in 30–50% of patients, but unfortu-
nately the long-term efficacy is limited.

Treatment of newly diagnosed elderly and
non-transplant candidate patients

Melphalan + prednisone (MP) has been the gold standard for
over 40 years; however, the scenario has completely changed
with the introduction of novel agents such as thalidomide or
bortezomib, and lenalidomide.
Six randomized trials have compared thalidomide (T) + MP

(MPT) versus MP, showing significantly higher RR in the MPT
arm (59% versus 37%) (CR 10% versus 2.5%), as well as longer
PFS/TTP (prolongation in PFS of 5.4 months). However, only in
the three studies, MPT treatment was associated with a signif-
icant prolongation in OS (median of 6 months benefit). Based
on these data MPT has been approved as a standard of care. The
toxicity associated with the high dose of thalidomide, used in
some of these trials, may contribute to explain the survival dis-
crepancies. Data from theMRCmyeloma IX trial shows that the
combination of cyclophosphamide+ thalidomide+dexametha-
sone (CTD) is superior to MP in terms of RR (82% versus 49%),
but not in OS. MP has also been compared with thalidomide
+ dexamethasone (TD) and although the RR was higher in the
experimental arm, the OS was shorter. It should be noted that
in this last trial, TD treatment was associated with a higher rate
of early discontinuations due to toxicity, and higher mortality,
particularly during the first year.
Lenalidomide (Len) has also been combined with MP. A ran-

domized trial comparing MP versus Len+MP, using Len either
only as part of the induction or also as maintenance, showed a
significantly longer PFS for the maintenance approach (31 ver-
sus 14 and 12 months, respectively), but no significant differ-
ences in OS. A large clinical trial, including 1600 patients, has
compared Len-dex (low dose dexamethasone 40 mg weekly)
until progression versus Len-dex fixed time (18 cycles) ver-
sus MPT (9 cycles). Initial results show a significant advan-
tage for continuous Len-dex treatment, both in terms of PFS

(25.5 versus 20.7 versus 21.2 months, respectively) and OS
(59.4%, 55.7% and 51.4% OS at 4 years, P = 0.01). Based on
these data continuous LEN-dex could become a new standard
(without alkylator) for newly diagnosed non-transplant candi-
date patients.
The proteasome inhibitor bortezomib (B) has been tested in

combination with MP in a pilot study conducted by the Span-
ish group; the positive results were confirmed in a large ran-
domized study, which compared BMP versus MP (9 cycles in
each arm). The RR for BMP versus MP were 71% versus 35%,
with 30% versus 4% CR. BMP treatment was associated with a
longer TTP (24 versus 16.6 months) and OS at 3 years of 72%
versus 59%. The results were updated after more than 5 years
follow-up and confirmed a prolongation of 13 months in OS for
BMP. This combination has been approved as a standard of care
by EMEA and FDA. In an attempt to optimize the treatment
of elderly untreated MM patients with VMP, the Spanish and
ItalianMyeloma groups (GEM/PETHEMAandGIMEMA) acti-
vated two randomized trials, exploring bortezomib only once
weekly in instead of the standard twice weekly schedule. Results
have indicated that the tolerability is increased substantially, and
the efficacy is maintained with the reduced-dose bortezomib
schedule (probably due to the better tolerability with fewer treat-
ment discontinuations). Thus, grade 3/4 PNwas only 5–7%with
the reduced dose VMP regimen in the two studies. In line with
this reduction in the frequency of PN, the rate of treatment dis-
continuationswas low in both studies (8% and 10%). In addition,
the French group has reported that when bortezomib is given
by subcutaneous route of administration instead of the conven-
tional intravenous route, the rate of grade 3/4 PN drops from
16% to 6%. New proteasome inhibitors such as carfilzomib or
ixazomib (also called MLN9708, a twin brother of bortezomb
in oral formulation) are being investigated in combination with
either MP or Len-dex, with encouraging results. Bendamustine
plus prednisone has been compared with MP and the former
was associated with longer PFS (18 versus 11 months), but no
longer OS.
Several trials have explored the value of maintenance treat-

ment in the elderly population. Thalidomide was investigated
in three studies and although some of them showed some ben-
efit in PFS (ranging from 2 to 7 months), only one had bene-
fit in OS and, accordingly, this approach has been abandoned.
As mentioned above, continuous treatment with lenalidomde,
both in the MPR and Len-dex trial have been associated with
a significant prolongation in PFS (around 18 months benefit),
which translated into longer OS in the second, but not in the
first trial. As far as bortezomib maintenance is concerned, the
Spanish group has investigated the value of 3 years of mainte-
nance with either Btz-Thal or Btz-Pred (one pulse every three
months) after a short course of 6 induction cycles with B-MP
or B-Thal-P, and although this approach resulted in a long PFS
of approximately 3 years, the overall benefit in OS remains to
be seen. The Italian group has investigated the value of B-Thal
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Table 29.9 Results from randomized Phase III trials in newly diagnosed elderly patients.

Study Induction regimen N Maintenance regimen CR (%) ORR(%)
PFS/TTP
(months)

Median OS
(months or %)

Alkylator-based induction regimens

Melphalan-based combinations
Palumbo 2006, 2008 MPT vs.

MP
129
126

T until DP vs.
None

16
2.4

76
48

22
15

48
45

Facon 2007 MPT vs.
MP

125
196

None
None

13
2

76
35

28
18

52
33

Hulin 2009 MPT vs.
MP

113
116

None
None

7
1

62
31

24
19

44
29

Wijermans 2010 MPT vs.
MP

165
167

T until DP vs.
None

N/A
N/A

66
45

13
9

40
31

Beksac 2011 MPT vs.
MP

60
62

None vs.
None

58
38

9
9

21
14

28
26

Waage 2010 MPT vs.
MP

182
181

T until DP vs.
None

13
4

57
40

15
14

29
32

Palumbo 2012 MPR-R
MPR
MP

153
152
154

R until DP
Placebo until DP
Placebo until DP

18
13
5

77
67
49

31
15
12

70% at 3 years
62% at 3 years
66% at 3 years

San Miguel 2013 MPV
MP

344
338

None
None

30
4

71
35

N/A
N/A

56
43

Mateos 2012 VMP vs.
VTP

130
130

Randomized to VT
or VP up to 3 years

20
28

80
81

37
32

60% at 5 years
53% at 5 years

Palumbo 2010 VMP vs.
VMPT

257
254

None
VT up to 2 years

24
38

81
89

27
37

51% at 5 years
61% at 5 years

Nievizsky 2011 VMP 167 V (five cycles) in
all arms

32 69 N/A N/A

Cyclophosphamide-based combinations
Morgan 2011 CTDa

MP
426
423

Randomized to T or
not until DP

13
2

64
33

13
12

33
31

Bendamustine-based combinations
Ponisch 2006 BP

MP
68
63

None
None

32
13

75
70

18
11

32
33

Non-alkylator-based induction regimens*
Ludwig 2009 TD

MP
NS
NS

Randomized to IFN
or IFN-T

2
2

68
50

17
21

42
49

Nievizsky 2011 VD
VTD

168
167

V (five cycles) in all
arms

24
36

73
80

NA NA

Rajkumar 2010 Len/Dex (RD)
Len/dex (Rd)

214
208

None
None

5
4

81
70

19
25

75% at 2 years
87% at 2 years

Facon 2013 Len-dex (cont)
Len-dex (18 months)
MPT

535
541
547

Continuous Len
None
None

15.1
14.2
9.3

75.1
73.4
62.3

25.5
20.7
21.2

59.4% at 4 years
55.7% at 4 years
51.4% at 4 years

*Also VTP (from the randomized trial MVP versus VTP (Mateos 2012)).
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maintenance after induction with B-MPT, as compared with 9
cycles of Btz-MP; continuous treatment was associated with a
longer PFS (37 versus 27 months), as well as a longer OS (67%
versus 55% at 4 years).
A controversial issue is whether there is any preference for

one of the novel combinations. An individualized treatment
approach would probably be valuable: 1) for patients with previ-
ous history or risk of deep venous thrombosis, BMP could be
the preferable option; 2) in patients with pre-existing periph-
eral neuropathy, Len-MP or better Len-dex (continuous) should
be the choice; 3) in patients with renal insufficiency, BMP is
the most safe approach, although Len-dex can also be used; 4)
in patients living long distances from hospital, oral treatment
(MPT or even better Len-dex) would be preferable; 5) in patients
with poor compliance with treatment, BzMP could be better; 6)
in fragile patients probably Len-dex is better tolerated, finally, 7)
if cost is an issue MPT or Cyclo-TD are the cheapest options.
In patients >75 years or with frail condition it would be

recommended to use modified regimens, with a lower dose
of thalidomide (100 mg); or bortezomib (weekly schedule
or 1 mg/m2). One additional possibility in these patients is
to substitute melphalan by cyclophosphamide (50 mg/day or
1g/21days), since this latter agent is less myelotoxic. Lenalido-
mide do not require dose reduction if combined with only low
dose dexamethasone, but 15mg should be used if combinedwith
MP. In very elderly patients, special attention must be paid to
infectious episodes (require active treatment) and renal func-
tion (appropriate hydration), particularly during the first three
months of treatment when they are responsible for the high inci-
dence of early deaths. Ongoing studies will establish optimal
dosing and treatment schedules for different populations with
the aim of maximizing efficacy and improving tolerability.

Treatment at relapse

It is important to separate the young (<65 years) from the elderly
(>65 years) patients. In young patients relapsing after transplan-
tation, we discriminate three cohorts of patients: early relapse
(<1 year), intermediate relapse (1–3 years) and late relapse (>3
years). If the relapse occurs within the first year after trans-
plantation, patients should be immediately considered high risk
and, in order to overcome drug resistance, rescued with either a
combination of all potentially effective drugs (e.g. BTD plus cis-
platin, Adriamycin, cyclophosphamide and etoposide; or borte-
zomib, lenalidomide and dexamethasone) or alternating cycles
of two combinations of non-cross-resistant agents (BCD alter-
nating with lenalidomide/dexamethasone). If ≥PR is achieved,
the patient could proceed to allogeneic SCT with RIC, although
this must still be considered an investigational approach.
If relapse occurs 1–3 years after autologous SCT, we would

favour rescue with novel agents used in a sequential (not simul-
taneous) manner, starting with one line of treatment (different
from the one used as induction) and shifting to the second and

subsequent lines only when disease progression occurs. Within
this category of patients, those under 60 years old with an HLA-
identical donor and a suboptimal response to the first line of
treatment should be considered for allogeneic SCT with RIC.
Finally, if relapse occurs more than 3 years after the first autolo-
gous SCT, an attractive possibility is re-induction with the initial
treatment or other novel-agent combination, followed by a sec-
ond autologous SCT.
In elderly patients, treatment decisions at relapse must take

into account the general condition of the patient. Once the
patient relapses, after up-front treatment, the durations of sub-
sequent responses to rescue therapies are progressively short-
ened. Therefore, the current goal in relapsed MM is to opti-
mize the efficacy of novel drugs through their most appropriate
combinations, to establish optimal sequences of treatment and
to promote active clinical research on experimental agents that
have already shown promising activity in in vitro and animal
models.
At first relapse, a regimen based on novel drugs (lenalidomide

or bortezomib) and different from that used as induction should
be instituted. Table 29.10 summarizes the most relevant results
and combinations reported in relapsed patients. Bortezomib as a
single agent has been shown to be significantly superior to high-
dose dexamethasone in relapsed/refractory patients (RR 43%
versus 18%; CR 16% versus 1%; TTP 6 versus 3 months). The
addition of pegylated doxorubicin increased EFS to 9.3 months.
With regard to lenalidomide, a large randomized trial has shown
that lenalidomide plus dexamethasone is significantly superior
to dexamethasone alone (RR 60% versus 20%; CR 15% versus
2%; TTP 11.1 versus 4.7 months). The most widely used regi-
mens at relapse include:
� lenalidomide/dexamethasone
� bortezomib/dexamethasone or bortezomib/liposomal dox-
orubicin with or without dexamethasone or bortezomib/
cyclophosphamide/dexamethasone (Table 29.10).
At second or subsequent relapse, usually after the patient has

already failed bortezomib and at least one immunomodulator, a
clinical trial with experimental agents should be encouraged (see
section on ‘promising new drugs’). If the patient is not a candi-
date for active therapy, palliative treatment with oral cyclophos-
phamide (50 mg/day) and prednisone (30 mg on alternating
days) can be considered.

Side-effects associated with novel agents

Because of the previous history of thalidomide, a major con-
cern was its toxicity profile. The side-effects are dose related
and the most common include constipation, weakness, som-
nolence and neuropathy. Peripheral neuropathy is a common
adverse event with thalidomide therapy and often limits the
dose and duration of treatment. The use of combination ther-
apy has raised concerns about an increased risk of DVT.
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Table 29.10 Relapse/refractory patients: response to thalidomide, lenalidomide and bortezomib; single agents and combinations.

Response rate

Drug/combination No. of patients PR or better (%) CR (%) Study

Thalidomide-based combinations
T monotherapy (200–800 mg) 169 24 2 Singhal (N Engl J Med 1999)
T monotherapy (meta-analysis) 1629 28 1.6 Glasmacher (Br J Haematol 2005)
TD >400 42–58 3–13 Several*
TD vs. placebo-D 116 65 vs. 28 NR Fermand et al. (ASH 2006)
TCD >200 56–76 5–20 Several†

Lenalidomide-based combinations
L monotherapy 104 14 4 Richardson (Blood 2006)
LD vs. D 175 vs. 176 60 vs. 22 15 vs. 2 Weber and Dimopoulos

(N Engl J Med 2007)
LAD 69 87 23 Knop (ASH 2007)
Pegylated liposomal
doxorubicin + VDL

62 75 29 (CR + n-CR) Baz (Ann Oncol 2007)

LCD 21 65 NR Morgan (Br J Haematol 2007)

Bortezomib-based combinations
B monotherapy vs. D 669 43 vs. 18 16 vs. 1 Richardson (N Engl J Med 2005)
Pegylated liposomal doxorubicin + B
vs. B monotherapy

646 48 vs. 43 14 vs. 11 Orlowski (J Clin Oncol 2007)

BM 26 47 11 Berenson (J Clin Oncol 2006)
BM 21 68 34 (CR + n-CR) Popat (ASH 2007)
BCP 37 88 40 Reece (J Clin Oncol 2008)
BCD 50 82 16 Kropff (Br J Haematol 2007)
BCD 47 75 31 Davies (Haematologica 2007)

Immunomodulators (thalidomide/lenalidomide) plus bortezomib
BT ± D 85 55 16 (CR + n-CR) Pineda-Román (Leukemia 2008)
BT + pegylated liposomal
doxorubicin

21 56 22 (CR + n-CR) Chanan-Khan (Leukemia and
Lymphoma 2005)

BTAD 20 63 24 (CR + n-CR) Hollmig (ASH 2006)
BTMP 30 67% 14 (CR), 7 (n-CR) Palumbo (Blood 2007)
BTMD 53 60 11 Terpos (Leukemia 2008)
BL 27 79 33 Richardson (ASH 2007)

*Weber (J Clin Oncol 2003), Dimopoulos (Ann Oncol 2001) and Palumbo (Haematologica 2001).
†Kropff (Haematol J 2003), Garćıa-Sanz (Leukemia 2004) and Dimopoulos (Haematol J 2004).
A: Adriamycin, B: bortezomib, C: cyclophosphamide, D: dexamethasone, L: lenalidomide, M: melphalan, P: prednisone, T: thalidomide, V: vincristine,
CR: complete remission, n-CR: near complete remission, ASH: American Society of Hematology (Annual Meeting).

Apparently the major risk of DVT occurs when tumour load
is high and thalidomide is combined with chemotherapy, espe-
cially Adriamycin. Accordingly, in this setting, anticoagulant
prophylaxis with low-molecular-weight heparin (LMWH) or
aspirin is mandatory. Current data suggest that lenalidomide
is better tolerated than thalidomide in several aspects: it does
not usually produce clinically significant somnolence, consti-
pation or neuropathy, although the incidence of myelosuppres-
sion is higher, mainly neutropenia (grade 3 in 17–30%) and

thrombocytopenia, which are manageable with dose reduction
and growth factor support. Similarly to thalidomide, lenalido-
mide is associated with a higher risk of DVT (5–25%) and the
risk increases in patients with comorbidities, previous history of
DVT, concomitant use of erythropoietin, high-dose dexametha-
sone, anthracyclines or high tumour mass. For these reasons,
anticoagulant prophylaxis with LMWH or aspirin is manda-
tory. The most frequent toxicities of bortezomib include fatigue,
gastrointestinal symptoms, cyclical thrombocytopenia and,
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particularly, peripheral neuropathy. This latter side-effect, clas-
sified as grade 3 in 9–20% of patients, is the main reason for
treatment discontinuation, and the early detection of peripheral
neuropathy is most important in order to reduce the dose or fre-
quency of injections. The use of a weekly schedule of bortezomib
and particularly the subcutaneous administration has resulted
in a significant decrease in peripheral neuropathy. Concerning
panobinostat thrombocytopenic and gastrointestinal effects is
the most relevant toxicity. Elotuzumab and daratumumab can
produce infusion reactions.

Promising new drugs

Undoubtedly, the development of proteasome inhibitors and
immunomodulatory drugs (IMiDs) and the success of these
agents in multiple myeloma has revolutionized the way we think
about tumour biology and treatment of this disease. However,
as mentioned previously, most patients eventually become resis-
tant to these drugs, indicating that novel agents and combina-
tion strategies are clearly needed in the setting of relapsed and
refractory disease.
The third-generation IMiD, pomalidomide, in combination

with dexamethasone has demonstrated substantial efficacy in
patients with pretreated multiple myeloma, including those
refractory to lenalidomide or lenalidomide + bortezomib. In
a cohort of patients with relapsed multiple myeloma in which
62% of patients had received prior IMiDs, pomalidomide +
dexamethasone produced a response rate of 65% (≥PR) and
a PFS of 13 months. In patients with lenalidomide-refractory
disease, approximately 25 to 35% responded to pomalido-
mide. This was confirmed in the Phase III randomized MM-
003 trial, comparing pomalidomide plus low-dose dexametha-
sone versus high-dose dexamethasone in patients who had
failed prior bortezomib and lenalidomide. The combination
significantly improved the primary endpoint of median PFS
(4 versus 1.9 months, HR 0.50; P < .001). In addition, a
benefit in median OS was also observed for pomalidomide-
dexamethasone compared to high-dose dexamethasone (13.1
versus 8.1 months, HR 0.72; P = 0.009). This data suggests
pomalidomide/dexamethasone may become a new standard for
patients who are refractory to lenalidomide and bortezomib.
Triple combinations of pomalidomide with cyclophosphamide-
prednisone or with bortezomib-dexamethasone are being inves-
tigated and apparently duplicate the PFS.
The second-generation proteasome inhibitor, carfilzomib, has

also shown encouraging efficacy in heavily pretreated MM
patients. Thus, a response rate of 50% (≥PR) with PFS of
>8 months is achieved when used as single agent, with 16%
responses in Btz-refractory patients. In a Phase II trial, includ-
ing lenalidomide refractory patients, carfilzomib in combina-
tion with Len-Dex showed 69%≥PR with a PFS of 11.8 months.
Of note, the incidence of PN is very low (<3%). Combina-
tions with pomalidomide, cyclophosphamide or panobinostat

are also being tested. Moreover, three Phase III trials have
been completed. The FOCUS trial has compared carfilzomib
single agent with best supportive care in patients with very
advanced disease showing similar outcome. The ENDEAVOR
trial has compared carfilzomib + dexamethasone versus borte-
zomib + dexamethasone in relapsing patients; the first option
achieved higher response rate (77% versus 63%) and longer
PFS (18.7 versus 9.4 months). The ASPIRE study has investi-
gated the addition of carfilzomib to the combination of lenalido-
mide and dexamethasone (CRd versus Rd). CRd was associated
with longer PFS (26.3 versus 17.6 months) and OS (HR, 0.79).
This CRd scheme has shown impressive preliminary results in
newly diagnosed patients. Furthermore, a new oral proteasome
inhibitor Ixazomib (MLN9708) is already in clinical trials. In
relapse/refractory patients (most of them previously exposed to
bortezomib) ≥PR was achieved in 15% of cases, with very low
frequency of G3 PN. Based on these encouraging results Ixa-
zomib is being studied in a Phase III trial in combination with
Rd, not only in relapsed patients, but also in newly diagnosed
patients in which this later combination has shown in a pilot
study 92%≥PR. Other oral proteasome inhibitors, such as opro-
zomib or marizomib are also at early phase of development.
Another drug currently under investigation in relapsed/

refractory multiple myeloma is bendamustine, which is a hybrid
between an alkylating agent and a purine analogue. As a single
agent, it produced an ORR of 31% in patients with relapsed dis-
ease following high-dose therapy. Combinations of bendamus-
tine with bortezomib, thalidomide or lenalidomide increase
response rates substantially.Numerous ongoing clinical trials are
investigating the role of bendamustine in patients with relapsed
and/or refractory multiple myeloma.
Agents with novel mechanisms of action are also emerging,

including monoclonal antibodies. The monoclonal antibody
most advanced in clinical development for multiple myeloma is
elotuzumab, a humanized IgG1 antibody targeting the CS1 gly-
coprotein. This cell surface glycoprotein is highly expressed in
myeloma cells with little to no expression in normal tissues. The
mechanism of action of elotuzumab is primarily through nat-
ural killer-cell-mediated ADCC. While elotuzumab monother-
apy only elicited modest activity in patients with multiple
myeloma, the addition of lenalidomide and low-dose dexam-
ethasone resulted in an ORR of 82% in a Phase I trial of relapsed
or refractorymyeloma. The second type ofmonoclonal antibody
under investigation is anti-CD38 (daratumumab, SAR650984).
Results from phase I/II dose escalation studies have demon-
strated activity in monotherapy, with 30 to 40% responses at the
optimized doses, and only mild infusion reactions, which were
well controlled with steroids. In the SIRIUS trial that included
112 heavily pre-treated and double refractory MM patients,
daratumumab single agent induced 29% RR, with a DOR of
7.4 months and a PFS of 3.7 months. These positive results
has prompted the investigation of anti-CD38 in combination
with lenalidomide plus dexamethasone, with RR close to 90% in
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lenalidomide sensitive patients and 50% in patients previously
refractory to lenalidomide. Combinations with bortezomib are
also under investigation.
The positive results of this combination in a phase II

trial, with a PFS of 26.9 months, supported the activa-
tion of a large randomized trial (ELOQUENT) in relapsed/
refractory patients after 1–3 prior lines of therapy compar-
ing lenalidomide+dexamethasone plus/minus elotuzumab; the
triplet combination was associatted wiht longer PFS (19.4 ver-
sus 14.9 months) but not differences in OS have been so far
observed.
Deacetylase (DAC) inhibitors also have a novel mechanism

of action in multiple myeloma. DAC enzymes remove the acetyl
group from client proteins, including histones, p53, HIF-1α and
Hsp90. Single-agent DAC inhibitors have demonstrated only
modest activity and minor responses or disease stabilization
in multiple myeloma. However, there is a clear rationale for
the combination of DAC inhibitors with proteasome inhibitors.
Two unique mechanisms exist to remove unfolded or misfolded
proteins within a cell; the ubiquitin-proteasome cascade that
degrades ubiquitinated proteins and the aggresome. Aggresomal
degradation can be inhibited by histone deacetylase 6 (HDAC
6) inhibitors, as HDAC 6 binds ubiquitinated protein complexes
and microtubule complexes, shuttling proteins into the aggre-
some for degradation. In preclinical studies, simultaneous tar-
geting of proteasome activity and aggresome activity triggered
substantial accumulation of misfolded proteins and synergistic
multiple myeloma cytotoxicity. Additional in vitro and in vivo
studies showed that the pan-DAC inhibitor panobinostat was
highly synergistic with bortezomib-dexamethasone in multiple
myeloma cell lines and murine models.
This led to the VANTAGE 088 trial investigating bortezomib

in combination with the broad-acting HDAC inhibitor vorino-
stat or placebo in relapsed multiple myeloma. Although the
combination significantly improved ORR (54% versus 41%; P
< 0.0001), the PFS advantage was only 24 days compared to
placebo (7.63 versus 6.83 months). The reasons for this are
unclear and could be related to the adverse event profile or the
omission of corticosteroids, whichmay play a role in the synergy
of these combinations. In the Phase II PANORAMA 2 trial, the
combination of panobinostat with bortezomib-dexamethasone
produced a partial response in 35% of patients with relapsed and
bortezomib-refractory multiple myeloma. An encouraging PFS
of 4.9 months was also observed. The Phase III PANORAMA 1
trial of bortezomib/dexamethasone with or without panobinos-
tat in relapsed/refractorymultiplemyelomahas recently be com-
pleted and the results show a superiority for PFS in the experi-
mental arm. (PFS, 12 versus 8 months). The improvement in the
outcomes appeared to be particularly of interest among patients
who had been previously exposed to proteasome inhibitors and
IMiDs (PFS, 12.5 versus 4.7 months).
Novel agents are also targeting signalling pathways important

for multiple myeloma pathogenesis. One of the most important

signalling pathways for tumour cell survival and proliferation is
the PI3K/mTOR pathway. Several agents have been developed
to target these pathways, including the Akt inhibitor perifosine
and the mTOR inhibitors everolimus and temsirolimus. These
agents have demonstrated modest efficacy as single agents and
are being evaluated in combination with proteasome inhibitors
and IMiDs (Table 29.3). It may be advantageous to consider
simultaneous inhibition of more than one molecule along the
PI3K/mTOR pathway, as targeting only the TORC1 complex
with a rapamycin analogue can lead to compensatory upregu-
lation of PI3K and TORC2 activation.
The RAS/MEK/ERK pathway is also important in multiple

myeloma for tumour growth and differentiation. In an in vivo
mousemodel evaluating IMiD activity and resistance, decreased
ERK activation was observed when IMiDs were administered.
In contrast, activation of ERK and MEK signalling occurred
when tumorus became resistant to IMiD therapy. The addition
of a MEK inhibitor potentiated the activity of lenalidomide-
dexamethasone and pomalidomide-dexamethasone in multiple
myeloma cell lines, suggesting a rationale for combining ERK
pathway inhibitors with IMiDs.
The kinase spindle protein inhibitor ARRY-520 is currently

under investigation and demonstrating preliminary efficacy in
multiple myeloma. Kinase spindle protein is required for multi-
ple myeloma cell-cycle progression, and inhibition with ARRY-
520 induces mitotic arrest and subsequent apoptosis. Phase II
trial data demonstrated activity for this novel agent, including a
≥PR rate of 22% when ARRY-250 was combined with low-dose
dexamethasone in patients refractory to bortezomib, lenalido-
mide and dexamethasone.
Selinexor, and oral selective inhibitor of Nuclear Export, that

inhibit XPO 1 and as consequence activate tumour suppressor
proteins and reduces oncoproteins is another promising drug.
Finally, active research on immunotherapy, particularly target-
ing check point inhibitors (PD1, PDL1 . . . ) is underway.
The evolution of therapy for multiple myeloma is far from

over, with continued discovery of new drugs and progress in
our understanding of myeloma cell biology and prognostic fac-
tors. The future success of multiple myeloma treatment depends
on the use of rationally designed drug combinations. Myeloma
needs to be approached as a heterogeneous disease with dis-
tinct disease subtypes. This will allow individualization of ther-
apy with newer agents and potentially make multiple myeloma
a chronic disease.
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CHAPTER 30

30Amyloidosis
Simon DJ Gibbs and Philip N Hawkins
National Amyloidosis Centre, Royal Free and University College London Medical School, London, UK

Introduction

Amyloidosis is a disorder of protein folding in which normally
soluble proteins are deposited in the extracellular space as insol-
uble fibrils that progressively disrupt tissue structure and func-
tion. Some 25 unrelated proteins can form amyloid in vivo, and
the clinical amyloidosis syndromes are classified according to
the fibril protein (Table 30.1).
Amyloid deposition is remarkable in its diversity; it can be

systemic or localized, acquired or hereditary, life-threatening
or merely incidental. Clinical consequences occur when accu-
mulation of amyloid fibrils is sufficiently substantial to inter-
fere with normal function. The pattern of organ involvement
varies within and between fibril types and clinical phenotypes
overlap greatly. In systemic amyloidosis virtually any tissue may
be involved and the disease is often fatal, although prognosis
has improved with increasingly effective treatments of many
underlying conditions. Greater understanding of the pathogen-
esis of the disease, allowing improved subtyping and appropri-
ate targeted therapies, with improved supportive care, includ-
ing haemodialysis and solid organ transplantation in selected
patients have also influenced the prognosis of this disorder.
In localized amyloidosis, deposits are confined to a particu-
lar organ or tissue, but may have serious consequences such as
haemorrhage. Localized amyloid deposition is also a pathologi-
cal hallmark of uncertain significance in some important com-
mon diseases including Alzheimer’s disease and type 2 diabetes
mellitus.
This chapter describes the clinical features, differential

diagnosis and management of systemic AL (monoclonal
immunoglobulin light chain) amyloidosis, which is the most
common and serious form of the disease.

Pathogenesis of amyloid

Proteins that can form amyloid can exist in two completely
different three-dimensional conformations, the transformation
involving massive re-folding of the normal form into one that
can autoaggregate in a highly ordered manner to produce the
characteristic predominantly β-sheet, rigid, non-branching fib-
rils of 10–15 nm in diameter and indeterminate length. Acquired
biophysical properties common to all amyloid fibrils include
insolubility in physiological solutions, relative resistance to pro-
teolysis, and ability to bind Congo red dye in an ordered man-
ner that gives the diagnostic green birefringence under cross-
polarized light.
Amyloid deposition can occur in three circumstances:

1 When there is a sustained abnormally high concentration of
certain normal proteins, such as serum amyloidA protein (SAA)
in chronic inflammation or β2-microglobulin in renal fail-
ure, which underlie susceptibility to AA and β2-microglobulin
amyloidosis, respectively.
2 When there is a normal concentration of a normal, but inher-
ently amyloidogenic, protein over a prolonged period, such
as transthyretin (TTR) in senile amyloidosis and β-protein in
Alzheimer’s disease.
3 When there is production of an acquired or inherited vari-
ant protein with an abnormal amyloidogenic structure, such as
monoclonal immunoglobulin light chains in AL amyloidosis or
some hereditary variants of TTR, lysozyme, apolipoprotein A-I
and fibrinogen Aα chain.
Genetic and environmental factors thatmay influence suscep-

tibility and timing of amyloid deposition are unclear, but once
underway, amyloid deposition is unremitting so long as the sup-
ply of the precursor protein continues.
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Table 30.1 Classification of amyloidosis.∗

Type Fibril precursor protein Clinical syndrome

AA Serum amyloid A protein Systemic amyloidosis associated with acquired or hereditary chronic
inflammatory diseases. Formerly known as secondary or reactive
amyloidosis

AL Monoclonal immunoglobulin light
chains

Systemic amyloidosis associated with myeloma, monoclonal
gammopathy, occult B-cell dyscrasia. Formerly known as primary
amyloidosis

ATTR Normal plasma transthyretin Senile systemic amyloidosis with predominant cardiac involvement
ATTR Genetic variants of transthyretin

(e.g. ATTR Met30, Ala60, Ile122)
Familial amyloid polyneuropathy (FAP), with systemic amyloidosis and

often prominent amyloid cardiomyopathy
Aβ2M β2-Microglobulin Dialysis-related amyloidosis (DRA) associated with renal failure and

long-term dialysis. Predominantly musculoskeletal symptoms
Aβ β-Protein precursor (and rare genetic

variants)
Cerebrovascular and intracerebral plaque amyloid in Alzheimer’s

disease. Occasional familial cases
AApoAI Genetic variants of apolipoprotein A-I

(e.g. AApoAI Arg26, Arg60)
Autosomal dominant systemic amyloidosis. Predominantly

non-neuropathic with prominent visceral involvement, especially
nephropathy. Minor wild-type ApoAI amyloid deposits may occur in
the aorta

AApoAII Genetic variants of apolipoprotein A-II Autosomal dominant systemic amyloidosis with predominant renal
involvement

AFib Genetic variants of fibrinogen α chain
(e.g. AFib Val526)

Autosomal dominant systemic amyloidosis. Non-neuropathic usually
with prominent nephropathy

ALys Genetic variants of lysozyme (e.g. ALys
His67)

Autosomal dominant systemic amyloidosis. Non-neuropathic with
prominent renal and gastrointestinal involvement

ACys Genetic variant of cystatin C (Gln68) Hereditary cerebral haemorrhage with cerebral and systemic amyloidosis
AGel Genetic variants of gelsolin

(e.g. Asn187)
Autosomal dominant systemic amyloidosis. Predominant cranial nerve

involvement with lattice corneal dystrophy
AIAPP Islet amyloid polypeptide Amyloid in islets of Langerhans in type 2 diabetes mellitus and

insulinoma
ALECT2 Leucocyte chemotactic factor II Systemic amyloidosis with predominant renal involvement

∗Amyloid composed of peptide hormones, prion protein and unknown proteins not included.

Amyloid deposits consist mainly of amyloid fibrils, but also
contain some common minor constituents, including certain
glycosaminoglycans (GAGs) and the normal circulating plasma
protein serum amyloid P component (SAP), as well as various
other trace proteins. SAP binds in a specific calcium-dependent
manner to all amyloid fibrils, but not their precursor proteins,
which is the basis for the use of SAP scintigraphy to image and
monitor amyloid deposits. Studies in knockout mice indicate
that SAP contributes to amyloidogenesis.
Amyloid fibril-associated GAGs mainly comprise heparan

and dermatan sulfates. Their universal presence, restricted het-
erogeneity and intimate relationship with the fibrils suggest they
may also contribute to the development or stability of amyloid
deposits, a possibility currently being investigated in a clinical
trial of a GAG analogue in AA amyloidosis.
Many of the pathological effects of amyloid can reasonably

be attributed to its substantial physical presence or precise

location, for example within glomeruli or nerves. Aggregated
amyloid proteins may also be directly cytotoxic, but they appear
to evoke little or no local reaction in the tissues. The relationship
between amyloid load and associated organ dysfunction differs
greatly between locations and individuals, and the rate of new
amyloid deposition may be an important factor.
Treatments that substantially reduce the supply of amyloido-

genic precursor protein frequently result in stabilization or
regression of existing amyloid deposits, and are often associ-
ated with preservation or improvement in the function of amy-
loidotic organs.

Systemic AL amyloidosis

Systemic AL (‘primary’) amyloidosis occurs in 1–2% of individ-
uals with monoclonal B-cell dyscrasias. AL fibrils are derived
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from monoclonal immunoglobulin light chains, which are
unique in each patient. The uniqueness of an individual’s light
chain may explain the considerable heterogeneity in organ
involvement and outcome in AL amyloidosis. Virtually any
organ other than the brain may be directly affected, most com-
monly the kidneys, heart, liver and peripheral nerves. Early
symptoms are non-specific, and routine screening techniques
often fail to detect the subtle underlying monoclonal gammopa-
thy, causing delay in diagnosis and detrimental disease progres-
sion. Awareness of AL amyloidosis is thus essential, with early
recourse to more informative investigations such as serum free
light chain (SFLC) analysis and target organ or screening tissue
biopsies.

AL fibrils and monoclonal light chains

AL amyloid fibrils are derived from monoclonal immunoglob-
ulin light chains and consist of the whole or part of the variable
(VL) domain with molecular mass between about 8 and 30 kDa.
Monoclonal light chains are unique in structure in each indi-
vidual and in their inherent propensity to form amyloid fibrils.
Overall, about 1–2%of patients withmonoclonal gammopathies
eventually develop AL amyloidosis, but this is not possible to
predict. The inherent ‘amyloidogenicity’ of certain monoclonal
light chains has been demonstrated in an in vivo model in
which purified Bence–Jones proteins were injected into mice.
Light chains from patients with AL amyloidosis formed amy-
loid, whereas those from myeloma patients did not. AL fibrils
are more commonly derived from λ than κ light chains, despite
κ isotypes predominating among both normal immunoglobu-
lins and monoclonal gammopathies. Some amyloidogenic light
chains have distinctive amino acid replacements or insertions
compared with non-amyloidmonoclonal light chains, including
replacement of hydrophilic framework residues by hydropho-
bic ones, changes that can promote aggregation and insolubility.
Certain light-chain isotypes, notably VλVI, are especially amy-
loidogenic, and there is a degree of concordance between some
isotypes and their tropism for being deposited as amyloid in
particular organ systems. For example, the VλVI isotype often
presents with dominant renal involvement, whereas the VλII
isotype frequently involves the heart.

The plasma cell dyscrasia

Any B-cell dyscrasia, including multiple myeloma, Walden-
ström macroglobulinaemia and other malignant lym-
phomas/leukaemias, producing a monoclonal immunoglobulin
may be complicated by AL amyloid deposition, but over
80% of patients with AL amyloidosis have a low-grade and
otherwise ‘benign’ monoclonal gammopathy of undetermined
significance (MGUS). Conversely, some minor and clinically
insignificant amyloid deposits can be found histologically in up
to 15% of patients withmyeloma. The cytogenetic abnormalities

that commonly occur in multiple myeloma and MGUS, such as
14q translocations and 13q deletion, have also been observed in
AL amyloidosis, but their prognostic significance has not been
fully elucidated.

Clinical features

AL amyloidosis accounts for 1 in 1500 deaths in the UK and
occurs equally in men and women, equating to an incidence of
about 8 per million persons per year. The median age at presen-
tation is about 65 years, but it can occur in young adults and
most likely remains underdiagnosed in the elderly.
Commonly, presenting features are non-specific, such as

decreased exercise tolerance, fatigue, anorexia, weight loss
and malaise. Proteinuric renal dysfunction and cardiac failure
are common, and the combination is strongly suggestive of
amyloidosis. The heart is affected in more than 50% of patients
and in 30% a restrictive cardiomyopathy is a presenting feature.
Rarer cardiac presentations include arrhythmias and angina,
the latter sometimes due to coronary amyloid angiopathy.
Dominant renal amyloid is the presenting feature in one-third
of patients, typically presenting with nephrotic syndrome
and/or renal impairment. Gut involvement may cause motil-
ity disturbances, which can also be secondary to autonomic
neuropathy, and malabsorption, perforation, haemorrhage or
obstruction.Macroglossia occurs in 5–10%, but is almost patho-
gnomonic of AL amyloidosis (Figure 30.1). Hyposplenism is not

Figure 30.1 Macroglossia in AL amyloidosis.
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infrequent, but is rarely documented. Painful sensory poly-
neuropathy with changes in pain and temperature sensation
followed later by motor deficits occur in 10–20% of cases
and carpal tunnel syndrome occurs in 20%. Autonomic neu-
ropathy leading to impotence, orthostatic hypotension and
gastrointestinal disturbances may occur alone or together with
peripheral neuropathy, and has a poor prognosis. Involvement
of dermal blood vessels is common and may cause purpura,
most distinctively in a periorbital distribution (‘raccoon eyes’).
Direct skin involvement takes the form of papules, nodules and
plaques, usually on the face and upper trunk. Articular amyloid
is rare, but the symptoms can be severe and superficially mimic
an inflammatory polyarthritis. Soft-tissue infiltration may
occur, characteristically involving the submandibular region
or the glenohumeral joints and surrounding tissues to produce
the ‘shoulder pad’ sign, or lymph nodes themselves can be infil-
trated. Thyroid infiltration with amyloid, occasionally resulting
in hypothyroidism, has been reported. An uncommon, but
serious manifestation peculiar to AL amyloidosis is an acquired
bleeding diathesis that may be associated with deficiency of
factor X and sometimes also factor IX.

Diagnosis and investigation of AL amyloidosis

Amyloid should be considered in the differential diagnosis of
renal failure, nephrotic syndrome, restrictive cardiomyopathy,
peripheral or autonomic neuropathy and hepatomegaly, but in
the presence of any symptoms at all in patients known to have
clonal B-cell dyscrasias. In practice, the diagnosis of amyloido-
sis is usually an unexpected finding following biopsy of an organ
with disturbed function. An approach to diagnosis is outlined in
Table 30.2, and comprising confirmation of amyloid, determina-
tion of fibril type, characterization of the underlying plasma cell
dyscrasia, and evaluation of the extent, distribution and function
of involved organs.

Confirming the presence of amyloid
Histology
Systemic amyloid deposits occur in blood vessels and small
interstitial foci throughout the body, providing the basis for
‘screening’ biopsies of the GI tract and abdominal fat aspi-
ration, which are both diagnostic in 50–80% of cases. The
presence of amyloid can usefully be sought in bone marrow
biopsies. Biopsy of a clinically affected organ is diagnostic
in 95% of cases. Pink amorphous material on haematoxylin
and eosin-stained tissue should raise suspicion of amyloid and
prompt Congo red staining, which produces green birefringence
under cross-polarized light and is the diagnostic gold standard
(Figure 30.2). False-positive and false-negative interpretation
of the Congo red stain is not rare, but can be minimized by
using the alkaline-alcohol method (described by Puchtler and
colleagues), fresh reagents, tissue sections of optimal 5–10 μm
thickness, inclusion of positive control tissue and high-quality

polarizing filters. Some Congo red techniques stain connective
tissues quite strongly and produce white or very pale-green bire-
fringence that cause diagnostic errors.
The differential diagnosis includes light chain deposition dis-

ease (LCDD), but these non-fibrillar deposits do not stain with
Congo red.

Electronmicroscopy
Electron microscopy is helpful in confirming the presence of
amyloid and excluding LCDD. A diagnosis of amyloidosis made
through electronmicroscopy alone should be regardedwith cau-
tion, since deposition of fibrillar material occurs in other patho-
logical processes.

SAP scintigraphy
Radiolabelled SAP scintigraphy is a specific nuclear medicine
imaging technique that demonstrates the presence and distribu-
tion of amyloid deposits in a quantitative manner. It was devel-
oped and is used routinely at the UK National Amyloidosis
Centre. 123I-labelled SAP localizes rapidly and specifically to
amyloid deposits of all fibril types, in proportion to the amount
of amyloid present, and is particularly effective for imaging amy-
loid in the liver, spleen, kidneys, bone marrow and adrenal
glands. Bone uptake is very specific for AL amyloidosis. Serial
SAP scans enable whole body and organ loads of amyloid to be
tracked over time, for example following chemotherapy in AL
amyloidosis (Figure 30.3). Unfortunately, amyloid in themoving
heart and in small or diffuse hollow structures such as nerves, the
gastrointestinal tract and the lungs is not adequately visualized
by SAP scintigraphy.

Identifying fibril type
A monoclonal gammopathy may be incidental to the presence
of amyloid and be gravely misleading. AL amyloidosis must be
confirmed through immunohistochemical staining, proteomic
analysis or by comprehensive exclusion of other types, including
hereditary forms through DNA analysis.

Immunohistochemistry
Immunohistochemical staining of amyloid-containing tissue
sections using a panel of antibodies against known amyloid pro-
teins is the most accessible method for characterizing fibril type.
However, evenwhen positive and negative controls are used, and
the specificity of staining has been sought through absorption
with appropriate antigens, results are often not definitive in AL
amyloidosis due to background immunoglobulin and failure of
antibodies to bind to light chains in the amyloid conformation.
In contrast, immunohistochemical staining can usually exclude
AA and hereditary amyloidosis.

Proteomics: mass spectrometry
Proteomic identification of amyloid type through mass spec-
trometry, using amyloidotic material cut out from tissue
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(a)

(b)

Figure 30.2 Appearance of amyloid in a bone marrow biopsy
(×40, 6-μm section). (a) Congo red stain showing amorphous pink
material in the interstitium and small blood vessel (arrow). (b)
Same section under high-intensity cross-polarized light showing
diagnostic apple-green birefringence.

sections by laser dissection, is increasingly being used in special-
ist amyloidosis practice with a substantial improvement in diag-
nostic yield. We currently regard immunohistochemistry and
mass spectrometry as complementary and often mutually infor-
mative investigations at the National Amyloidosis Centre.

DNA analysis
Sequencing of the genes associated with hereditary amyloidosis
should be performed routinely to exclude hereditary amyloido-
sis when the AL type cannot be confirmed with absolute cer-
tainty by immunohistochemistry and/or proteomics. Of patients
attending the UK National Amyloidosis Centre, 5% have hered-
itary amyloidosis, those with TTR mutations usually presenting

with neuropathy and/or cardiac amyloidosis and those with fib-
rinogen Aα chain mutations presenting with renal dysfunction.
It is necessary to confirm that identified mutations are indeed
the cause of the amyloid with fibril typing as described above.

Assessment of the plasma cell dyscrasia
A serum paraprotein or urinary free light chains are often
not identified by electrophoresis and immunofixation. How-
ever, SFLC analysis (Freelite, The Binding Site, Birmingham,
UK) demonstrates a clonal excess of SFLCs in well over 90% of
cases and can be used to quantitatively monitor the effects of
chemotherapy on the underlying plasma cell disorder.
Bone marrow aspiration and trephine biopsy are required to

characterize the underlying B-cell dyscrasia, which comprises a
subtle plasma cell infiltrate in about 80% of cases. A skeletal X-
ray survey should be performed to further exclude myeloma.

Assessment of organ involvement
International consensus criteria produced by Gertz and col-
leagues in 2005 define organ involvement in AL amyloidosis
(Table 30.3). ECG and two-dimensional Doppler echocar-
diography are vital tools for evaluating cardiac involvement.
In cardiac amyloidosis, ECG may demonstrate reduced QRS
voltages in the limb leads and poor R-wave progression in
the chest leads (‘pseudo-infarct’ pattern). Echocardiography
typically reveals concentrically thickened and echogenic heart
valves. Cardiac amyloidosis is a restrictive cardiomyopathy and
diastolic dysfunction is easily missed and difficult to quantify.
Cardiac magnetic resonance imaging (MRI) is emerging as a
very useful tool for identifying cardiac amyloidosis and distin-
guishing it from other restrictive cardiomyopathies. The status
of other organs can be assessed either through routine tests of
organ function, such as liver function tests, serum creatinine
and 24-hour urine measurements, or by specialist investiga-
tions as indicated, for example autonomic function and nerve
conduction tests and high-resolution pulmonary computed
tomography (CT).
Glomerular proteinuria (predominantly albuminuria) is

present in about 90% of patients with renal involvement.
Abnormalities in liver function tests are unusual and do not
occur until liver amyloidosis is substantial, and are most com-
monly obstructive in nature. Right-sided heart failure due to
amyloid cardiomyopathy may cause obstructive liver function
tests in the absence of liver involvement by amyloid. Anaemia
is uncommon unless amyloidosis is associated with myeloma,
bleeding or chronic kidney disease. An abnormal clotting
screen is relatively common. A prolonged thrombin time is
the most frequent abnormality, but is generally of no clinical
consequence. A prolonged prothrombin time due to acquired
factor X deficiency is the most likely coagulation abnormality
to be associated with clinically significant bleeding.
Elevation of N-terminal probrain natriuretic peptide (NT-

pro-BNP) and cardiac troponin concentrations occur in a wide
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(a) (b) (c)

Figure 30.3 Radiolabelled 123I-SAP whole-body scintigraphy,
anterior images. (a) The tracer has localized virtually exclusively to
amyloid deposits in the bones in this particular patient, a
distribution that is almost pathognomonic for amyloid of AL type.
(b, c) Serial scintigraphs in a 56-year-old woman with AL

amyloidosis. At presentation in 1998 (b) she had massive uptake in
the spleen and liver, obscuring any renal signal. She underwent
high-dose chemotherapy, and the follow-up scan in 2002 (c) shows
that the deposits have regressed substantially.

variety of cardiac conditions and in chronic kidney disease.
However, significant myocardial AL amyloidosis is excluded by
NT-pro-BNP concentrations below 30 pmol/L. By contrast, car-
diac troponin and NT-pro-BNP concentrations appear to be
powerful predictors of prognosis and survival after chemother-
apy. Elevation of cardiac troponin and/or NT-pro-BNP pro-
vide the basis for the powerful Mayo Clinic staging system in
patients with newly diagnosed AL amyloidosis. Stage 1, with
cardiac biomarkers below threshold values (cTnT <0.035 μg/L
and NT-proBNP <332 ng/L) is associated with the lowest risk
of death and a median survival of 26.4 months, stage 2, with
either biomarker above the threshold values has a median sur-
vival of 10.5 months, and Stage 3, with both biomarkers above
the threshold values, is associated with amedian survival of only
3.5 months.

Differential diagnosis

Alternative diagnoses that frequently need to be considered
include amyloidosis of non-AL types (principally AA and hered-
itary forms), localized forms of AL amyloidosis, and non-
amyloid diseases such as LCDDandparaprotein-associated neu-
ropathies, including POEMS syndrome and treatment-related
toxicities.

Natural history

Systemic AL amyloidosis is a progressive disease with a very
poor prognosis. Median survival without treatment in histori-
cal series is only 12–15 months. At diagnosis, 40% of patients
have Mayo Stage III disease (elevated cardiac troponin and
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Table 30.3 Non-invasive diagnostic criteria for amyloid-related
major organ involvement.

Heart
Echocardiogram demonstrates mean wall thickness >12 mm,
no other cardiac cause found

Kidney
Proteinuria >0.5 g per 24 hours, predominantly albumin

Liver
Total liver span >15 cm in the absence of heart failure or
alkaline phosphatase >1.5 times the institutional upper limit
of normal

Nerve
Peripheral: clinical; symmetric lower extremity sensorimotor
peripheral neuropathy

Autonomic: gastric emptying disorder, pseudo-obstruction,
voiding dysfunction not related to direct organ infiltration

Gastrointestinal tract
Direct biopsy verification with symptoms

Lung
Direct biopsy verification with symptoms
Interstitial radiographic pattern

Soft tissue
Tongue enlargement, clinical
Arthropathy
Claudication, presumed vascular amyloid
Skin
Myopathy by biopsy or psudohypertrophy
Lymph node (may be localized)
Carpal tunnel syndrome

Source: Gertz et al., 2005. Reproduced with permission of John Wiley &
Sons Ltd.x

NT-pro-BNP), and median survival remains on the order of 6
months despite chemotherapy. However, amyloidosis is not, as
previously believed, inexorably progressive and irreversible and
it is now clear that amyloid deposits often gradually regresswhen
the supply of amyloid fibril precursor protein is reduced.

Management

Specific therapies that inhibit formation of amyloid or enhance
its clearance are not yet available, although are in development.
Currently, the objective of treatment inAL amyloidosis is to sup-
press production of amyloidogenicmonoclonal light chainswith
the aim that progression of the disease will be slowed, halted or
reversed. However, many patients have advanced multisystem
disease at diagnosis and tolerate chemotherapy poorly.

Quantitative measurements of SFLCs are usually the most
effective means for guiding ongoing treatment in individual
patients. Although it is generally desirable to suppress the under-
lying clonal disease as rapidly and as extensively as possible,
reduction in the concentration of the amyloidogenic free light
chain by just 50–75% can be sufficient to halt disease progres-
sion in many patients and confer substantial survival benefit,
regardless of the chemotherapy used. However, more intensive
suppression of the clonal disease, defined by 90% or greater
suppression of free light production, is associated with the best
outcomes. Although treatment of AL amyloidosis is derived
from that of myeloma, it is tolerated much more poorly in
amyloidosis, and serious treatment-related toxicity is frequent.
Chemotherapy must be tailored to the individual patient, bal-
ancing the need for deep remissionwith the need to avoid undue
toxicity.
Certain organs affected by amyloid tend to fare better than

others, following treatment. Proteinuria and liver function often
improve when the clonal disease is adequately suppressed,
whereas cardiac disease, macroglossia and peripheral nerve
function tend to improve extremely slowly if at all. Interna-
tional consensus criteria on the definitions of clonal and organ
responses and progression were described by Gertz and col-
leagues in 2005.

Autologous peripheral blood stem cell
transplantation
Use of high-dose melphalan therapy and autologous stem cell
transplantation (SCT) in AL amyloidosis was first reported in
1996, and several series have reported clinical benefit in up
to 80% of patients who survived the procedure. In the largest
reported series, consisting of 394 patients, a complete clonal
response occurred in 41%. Of those alive and in clonal response
1 year after autologous SCT, median survival has not been
reached after 10 years of follow-up. However, treatment-related
mortality (TRM)with autologous SCT has been consistently and
substantially higher than in multiple myeloma, ranging from 5
to 43%, reflecting the compromised function of multiple organ
systems by amyloid. Even stem cell mobilization has significant
risks inAL amyloidosis. Causes of death include cardiac arrhyth-
mias, intractable hypotension, multiple organ failure and gas-
trointestinal bleeding. Patient selection has since been refined
and criteria for eligibility for autologous SCTdeveloped,with the
main exclusion criteria being overt cardiac involvement, more
than two vital organ systems involved, a history of gastrointesti-
nal bleeding and age over 65 years. Improvements in TRM have
gradually resulted from better patient selection with improved
supportive care and physician experience.
The exact role of SCT in AL amyloidosis remains controver-

sial and its apparently good outcome may reflect selection of
fitter good-prognosis patients. Regardless, because of its spe-
cial problems in AL amyloidosis, it is recommended that such
patients are treated in units with expertise in this particular
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disease. In eligible patients, autologous SCT with melphalan
200mg/m2 is widely used as first-line therapy without induction
chemotherapy except in those with coexisting myeloma. Lower
doses of melphalan compromise the efficacy of transplantation.
Stem cell mobilization is often achieved with the use of granulo-
cyte colony-stimulating factor (G-CSF) alone, as the underlying
plasma cell burden is usually relatively small. The French group
compared autologous SCT with oral melphalan and dexametha-
sone in a randomized study and found no difference in response
rates between the two arms, but a significantly higher TRM for
the autologous SCT arm (24%) and a longer overall survival in
the melphalan/dexamethasone arm, throwing into question the
routine use of autologous SCT in AL amyloidosis. However, the
trial has attracted some controversy, with higher than expected
rates of TRM in autologous SCT comparedwith other case series
and the use of lower doses of melphalan (140mg/m2) in some of
the patients undergoing SCT, prompting calls for further study
in this area.

Melphalan and dexamethasone
Since 1999, cyclic melphalan and dexamethasone has been
widely used in Europe and has been found to be a well-tolerated
and effective oral chemotherapy, with overall clonal response
rates of 67%, including complete responses in 37%; amyloidotic
organ responses have been reported in up to 50% of cases along
with median overall survival of up to 5 years. However, these
promising figures do not apply to patients with significant car-
diac amyloidosis. Median time to haematological response is
slow at 4.5 months, and the issue of stem cell depletion makes
it unattractive for patients who may subsequently be eligible for
autologous SCT. Renal dose adjustment is required and the long-
term leukaemogenesis of this regimen has yet to be established.

Cyclophosphamide, thalidomide and
dexamethasone
Thalidomide has been used extensively in combination thera-
pies for plasma-cell disorders, but doses above 200 mg daily
are poorly tolerated in AL amyloidosis. Amyloid-related car-
diac involvement or peripheral neuropathy results in increased
sensitivity to the adverse effects of thalidomide, such as fluid
retention, fatigue, constipation and neuropathy. Lower doses
of single-agent thalidomide reduce toxicity, but also markedly
reduce responses rates. The use of thalidomide as mainte-
nance treatment in AL amyloidosis has not yet been established.
Addition of dexamethasone to intermediate-dose thalidomide
improves the response rate to about 50%, with a median time to
response of less than 4 months, but is associated with significant
toxicity in 60% of patients. The cyclophosphamide, thalidomide
anddexamethasone (CTD) regimenhas been used extensively in
the treatment of AL amyloidosis in the UK since 2002 and incor-
porates the addition of weekly oral cyclophosphamide 500 mg
to low-dose thalidomide (100–200 mg) and two pulses of dex-
amethasone over a 21-day cycle. A risk-adapted approach using

even lower doses of both thalidomide (50–100 mg) and dexam-
ethasone in high-risk patients maintains good clonal response
rates, while decreasing the incidence of severe toxicity to around
20%. Overall SFLC response rates are around 75%, with an SFLC
clonal response rate of 37%. Organ responses occur in approxi-
mately 50%. Median duration of response is 32 months. Fatigue
and fluid retention requiring increased diuretic use remain the
most troublesome toxicities of this regimen. Patients with severe
nephrotic syndrome are at particular risk of venous and arterial
thrombosis and should receive thromboprophylaxis. However,
CTD has the advantage of being a stem-cell-sparing oral regi-
men that does not require dose adjustment in renal impairment
and is rapid-acting, the majority of patients achieving at least a
partial (>50%) SFLC response after only 1 month of treatment.

Bortezomib, cyclophosphamide and
dexamethasone
The proteasome inhibitor bortezomib (Velcade) has emerged
as one of the most effective and rapidly acting therapies in
the treatment of AL amyloidosis. In a recent multicentre study
of 94 patients, most of whom had relapsed following previ-
ous treatments, clonal responses with bortezomib-based ther-
apy occurred in 70%, including complete remission (CR) in 25%,
and themedian time to clonal responsewas only 1month.Organ
responses occurred in 30%, andmedian time to progression was
14 months; major toxicities included peripheral and autonomic
neuropathy. However, unlike in myeloma, cytopenias were rare
with bortezomib, most likely due to the smaller plasma cell bur-
den in the bone marrow.
Most new AL amyloidosis patients in the UK now receive

a cyclic combination of oral cyclophosphamide, subcutaneous
bortezomib (Velcade) and oral dexamethasone (CVD). Com-
mon adverse effects include peripheral neuropathy, cytopenias,
fatigue, GI disturbances, rashes and serious fluid retention in
patients with cardiac involvement.

Lenalidomide
The oral thalidomide analogue lenalidomide (Revlimid) is also
now widely used in patients with AL amyloidosis, although usu-
ally not first-line other than in some patients with severe neu-
ropathies. Although few studies have been performed, accrued
clinical experience indicates that the maximum tolerated dose is
typically about 15mg daily. Efficacy is markedly improved when
administered with dexamethasone, and is associated with clonal
response rates of about 50%, including complete remission in
20%.Organ responseswere reported as approximately 22%. Tox-
icity from infections, even without neutropenia, appears to be
surprisingly high, especially in patients with severe renal or car-
diac impairment. Time to response is relatively slow, with a
median of up to 6 months. Lenalidomide treatment is associ-
ated with a lower incidence of neuropathy than thalidomide or
bortezomib, but adverse effects include cytopenias, venous
thromboembolism, fatigue, GI disturbances and rashes.
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Melphalan and prednisolone
In the early 1990s, cyclical oral melphalan with or without pred-
nisolone was the first chemotherapy to be demonstrated in a
randomized controlled trial as effective in the treatment of AL
amyloidosis. However, benefits of treatment were typically not
observed for at least 6 months and were substantial in only 20%
of cases. As such, the use ofmelphalanwas a breakthrough in the
treatment of AL amyloidosis, but it is now no longer routinely
recommended in low doses either as a single agent or with pred-
nisolone. Although it may be tempting to offer this treatment to
older patients, the small likelihood of benefit favours using novel
drug regimens described above, despite their greater risks.

Allogeneic bone marrow transplantation
A case of successful allogeneic bone marrow transplantation in
AL amyloidosis was reported in 1998 and since then a European
study has reported on allogeneic and syngeneic haemopoietic
cell transplantation in 19 patients with AL amyloidosis. Over-
all TRMwas 40% and haematological response occurred in eight
patients, with only one relapse after 31months of follow-up. This
treatment option is rarely exercised.

Supportive treatment
Supportive therapy remains a critical component of manage-
ment of AL amyloidosis. For cardiac amyloidosis, the main-
stay of treatment is diuretics. Vasodilating drugs and β-blockers
are generally best avoided as they often worsen symptoms sig-
nificantly. Fluid overload should be treated with fluid restric-
tion, loop diuretics and a low-salt diet. Refractory oedema may
respond well to the addition of spironolactone. Salt-poor albu-
min infusions can occasionally be helpful. Dysrhythmias may
respond to amiodarone or to pacing. Implantable cardioverter
defibrillators have been used very effectively in some patients.
In renal amyloidosis, rigorous control of hypertension is

vital, and inhibition of angiotensin-converting enzyme and/or
angiotensin II is often recommended in the context of protein-
uria. Renal dialysis may be necessary, and is usually both feasi-
ble and acceptably tolerated. In autonomic neuropathy, fludro-
cortisone 100–200 μg/day can be helpful in some patients, but
may cause or exacerbate fluid retention. Midodrine is an effec-
tive pressor agent, starting at 2.5–15 mg thrice daily. Midodrine
causes activation of the α-adrenergic receptors of the arteriolar
and venous vasculature, producing an increase in vascular tone
and elevation of blood pressure. Its chief adverse effect is supine
hypertension, and other pressor agents must be coadministered
with caution. Gastroparesis causing symptoms of early satiety
and nausea can bemanagedwith prokinetic agents such asmeta-
clopramide, along with advice about small frequent meals that
are of soft consistency. Diarrhoea due to amyloid gut involve-
ment or autonomic neuropathy may respond to loperamide and
codeine phosphate. Malnutrition is not uncommon and is often
underestimated. Significant weight loss should be treated with
protein and vitamin supplementation and the patient should

be reviewed by an experienced dietitian. Feeding via a percu-
taneous endoscopic gastrostomy may occasionally be required.
Amyloid- and treatment-related peripheral neuropathy can be
disabling and difficult to treat. Analgesia including opioids and
non-steroidal anti-inflammatory drugs, amitriptyline, venlafax-
ine, antiepileptics, TENS and/or gabapentin/pregabalin have all
been used, although anecdotal reports suggest limited efficacy.
Withdrawal or dose reduction of any neurotoxic chemothera-
pies, such as thalidomide or bortezomib, should be considered.
Surgical resection of amyloidotic tissue is occasionally bene-

ficial but, in general, a conservative approach to surgery, anaes-
thesia and other invasive procedures is advised. Should any such
procedure be undertaken, meticulous attention to blood pres-
sure and fluid balance is essential, especially in patients with
renal and/or cardiac involvement. Amyloidotic tissues may heal
poorly and are liable to haemorrhage.

Solid organ transplantation
Renal and cardiac transplantation have been used in selected
patients with AL amyloidosis for over 25 years. Renal trans-
plantation should be considered in relatively young patients
with otherwise well-preserved extrarenal organ function who
have chemotherapy-responsive disease. Cardiac transplantation
should be considered in patients with isolated end-stage car-
diac failure who would otherwise be eligible for autologous SCT.
In such patients, cardiac transplantation must be followed by
chemotherapy to prevent recurrence of cardiac amyloid or its
accumulation in other organ systems. Liver transplantation has
been performed in only a very small number of patients, with
generally disappointing results, reflecting the fact that liver fail-
ure in AL amyloidosis is always associated with substantial amy-
loid deposition in other vital organs.

Localized AL amyloidosis

Localized deposits of AL amyloid can occur almost anywhere
in the body, with characteristic sites including the skin, air-
ways, conjunctiva and urogenital tract. They may be nodular or
confluent and are associated with a usually inconspicuous focal
infiltrate of clonal B-cell-producing amyloidogenic light chains.
Progression of localized AL amyloid into a truly systemic dis-
ease is exceedingly rare, and conservativemanagement is usually
appropriate. Orbital AL amyloid presents as mass lesions that
can disrupt eye movement and the structure of the orbit. Local-
ized laryngeal AL amyloidosis is a well-recognized syndrome
that is often amenable to direct or laser excision, but heredi-
tary systemic apolipoprotein A-I amyloidosis can also present in
thismanner. Amyloidosis in the bronchial tree is virtually always
of localized AL type, as are solitary or multiple amyloid nod-
ules within the lung tissue. If accessible, bronchoscopic laser-
ing of stenosing lesions can bring symptom relief. In contrast,
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diffuse alveolar septal parenchymal deposition is commonly a
manifestation of systemic AL amyloidosis. There are anectodal
reports that inhaled steroids may benefit pulmonary symptoms.
Breast amyloidosis has been associated with Sjögren disease in
some cases, and mucosa-associated lymphoid tissue (MALT)
lymphoma should be excluded. Lichenoid and macular forms
of cutaneous amyloid are thought to be derived from keratin or
related proteins, whereas nodular cutaneous amyloid deposits
are generally of AL type and can sometimes be a manifesta-
tion of systemic AL amyloidosis. Localized urogenital AL amy-
loid deposits are often incidental findings, but may present with
haematuria or, less commonly, obstruction. They can occur any-
where from the renal collecting system to the urethra, although
are most usually identified within the bladder. Management is
conservative or with transurethral laser resection when symp-
toms occur; cystectomy is rarely required.

Other forms of systemic amyloidosis

Amongmore than 5000 patients with systemic amyloidosis who
have been referred for evaluation at the National Amyloidosis
Centre, approximately 55% have had AL type, 15% AA (reactive
systemic) type, and the remainder have had a variety of hered-
itary, localized and other types. Although some features of sys-
temic AL amyloidosis are very characteristic of this particular
type, such as macroglossia, periorbital purpura and certain per-
mutations of organ involvement, the clinical phenotypes of AA,
AL and hereditary systemic amyloidosis can be indistinguish-
able. Furthermore, the underlying chronic inflammatory disease
process is clinically covert in 5–10% of patients with AA amyloi-
dosis, and a family history is often absent in patients with hered-
itary ATTR and fibrinogen Aα-chain amyloidosis, which are the
most common familial forms.

AA amyloidosis

Reactive systemic AA (secondary) amyloidosis occurs in 1–5%
of patients with chronic inflammatory diseases that evoke a sub-
stantial acute-phase response, after a median latency of about
15–20 years. AA amyloid fibrils are derived from the circu-
lating acute-phase reactant SAA, the serum concentration of
which can increase from the healthy reference range of less than
10 mg/L to over 1000 mg/L during active inflammation. The
commonest associated diseases in the developed world include
rheumatoid arthritis, juvenile idiopathic arthritis and Crohn’s
disease. Familial Mediterranean fever and other rare periodic
fever syndromes can result in AA amyloidosis. Chronic infec-
tions remain important causes in some parts of world. Castle-
man disease of the solitary plasma cell type should be consid-
ered among the underlying conditions that remain clinically
covert.

Most patients present with nephropathy, particularly protein-
uria, but liver and gastrointestinal involvement may occur at a
late stage. Clinical involvement of the heart and nerves occurs
very rarely. Diagnosis of AA amyloid is usually achieved by
renal (or rectal) biopsy, and the AA fibril type can be confirmed
immunohistochemically using anti-SAA antibodies in almost
all cases. SAP scintigraphy virtually always shows involvement
of the spleen and kidneys; hepatic involvement is a late fea-
ture associated with a poor prognosis. Treatment in AA amy-
loidosis should decrease the underlying inflammation so that
SAA levels remain well controlled, preferably below 10 mg/L.
The exact nature of the treatment will depend on the underly-
ing inflammatory disease, and ranges from inhibitors of tumour
necrosis factor in rheumatoid arthritis and colchicine in familial
Mediterranean fever to surgical resection of Castleman disease
tumours. Any therapy that reduces SAA production to healthy
baseline levels prevents further deposition of AA amyloid, fre-
quently leads to the regression of existing amyloid deposits, with
improvement in amyloid-related organ dysfunction, and signifi-
cantly improves long-term survival. Kidney transplantation gen-
erally has excellent outcomes in AA amyloidosis.

𝛃2-Microglobulin amyloidosis

β2-Microglobulin amyloidosis, also known as dialysis-related
amyloidosis, occurs because of the accumulation of β2-
microglobulin in renal failure and predominantly affects artic-
ular and periarticular structures in patients with end-stage renal
failurewhohave been ondialysis for at least 7–10 years. Suscepti-
bility factors include older age and the use of non-biocompatible
dialysis membranes. Carpal tunnel syndrome is often the first
clinical manifestation, and large-joint arthralgias, tenosynovi-
tis, spondyloarthropathies and periarticular bone cysts are com-
mon. Although β2-microglobulin amyloidosis is a systemic form
of amyloidosis, deposits outside the musculoskeletal system are
seldom of clinical significance. The disabling arthralgia may
respond partially to non-steroidal anti-inflammatory drugs or
corticosteroids, but the only really effective treatment for this
condition is normalization of β2-microglobulin levels through
renal transplantation. Carpal tunnel syndrome is amenable to
surgery, but may recur.

Transthyretin amyloidosis (ATTR amyloidosis)

Normal TTR is inherently, but weakly, amyloidogenic, and
minor ATTR amyloid deposits are common in elderly individ-
uals. Clinically significant involvement is seemingly very rare
and almost completely restricted to the heart and carpal tunnel,
but non-hereditary ATTR amyloid deposits occur in somemea-
sure in up to 25% of subjects over 80 years of age. It is likely
that ATTR cardiac amyloidosis remains under-recognized by
physicians, although new cardiac MRI techniques and scintig-
raphy with the re-purposed bone tracer 99mTc-DPD are greatly
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improving the diagnostic yield. Non-hereditary cardiac ATTR
amyloidosis is extremely rare before 65 years of age. Patients
typically survive for several years with reasonably good qual-
ity of life managed with diuretics alone. A number of specific
novel therapies are currently in late-stage clinic trial, includ-
ing small interfering RNA and anti-sense oligonucleotide ther-
apies that inhibit TTR protein production, and agents that are
designed to stabilize TTR in the blood in its normal non-amyloid
conformation.

Hereditary systemic amyloidoses

Hereditary systemic amyloidosis is caused by deposition of
genetically variant proteins as amyloid fibrils, and is associated
with mutations in the genes for TTR, fibrinogen Aα chain, cys-
tatin C, gelsolin, apolipoprotein A-I, apolipoprotein A-II and
lysozyme. These disorders are all inherited in an autosomal
dominant manner with variable penetrance, and usually present
in adult life.
Familial amyloidotic polyneuropathy (FAP) associated with

mutations in the gene for TTR is the most common type of
hereditary amyloidosis. It is characterized by progressive and
disabling peripheral and autonomic neuropathy, often with car-
diac involvement. Vitreous amyloid deposits may also occur and
are virtually pathognomonic of the syndrome. Symptoms typi-
cally present between the third and seventh decades. More than
100 TTR variants are associated with FAP, the most frequent of
which is the substitution of methionine for valine at residue 30
(TTR Met30). There are well-recognized foci of this in Portu-
gal, Japan and Sweden, but FAP has been reported in most eth-
nic groups. TTR Ala60 is the most frequent cause of FAP in the
British and Irish population, typically presenting after 50 years
of age and usually withmarked cardiac involvement. TTR Ile122
occurs in 3–4% of black Africans and is associated with a pheno-
type indistinguishable from senile (wild-type) cardiac amyloido-
sis. The majority of TTR is produced by hepatocytes, and liver
transplantation is the only effective treatment for this disorder.
Although the visceral amyloid deposits frequently regress fol-
lowing liver transplantation, the neuropathy is often irreversible
and established cardiac amyloidosis may paradoxically progress
due to ongoing fibril formation by wild-type TTR in this partic-
ular organ. Combined heart and liver transplantation has been
performed successfully in a small number of cases.
The syndrome of non-neuropathic hereditary systemic amy-

loidosis is caused by mutations in the genes for fibrinogen Aα
chain, lysozyme, apolipoprotein A-I and apolipoprotein A-II.
Most such patients present with renal impairment and/or pro-
teinuria, but substantial deposits in the liver and spleen are fre-
quent in hereditary lysozyme and apolipoprotein A-I amyloido-
sis, and the heart may be involved in hereditary apolipoprotein
A-I amyloidosis. Prominent neuropathy occurs in some patients
with apolipoprotein A-I Arg26. Although kindreds with hered-
itary amyloidosis are rare, 5–10% of patients referred to the

National Amyloidosis Centre with apparently sporadic amyloi-
dosis do in fact have hereditary forms of the disease. About
half of these are associated with TTR mutations, and most of
the remainder are associated with variant fibrinogen Aα chain
Val526. Penetrance of this particular mutation is extremely low
in most families, thus obscuring the genetic aetiology, but the
renal histology is characteristic, showing substantial accumula-
tion of amyloid within enlarged glomeruli, but none in blood
vessels or the interstitium. Renal impairment is often noted in
the fourth or fifth decade, and end-stage renal failure is man-
aged with dialysis or renal transplantation. Variant fibrinogen
Aα-chain amyloidosis can recur in the transplanted graft and
median survival of kidney transplants in patients attending our
centre has been 7 years, though this can be much longer. Com-
bined liver–kidney transplants have been performed in this con-
dition though, with notable mortality. Hereditary cystatin C
amyloidosis manifests in Icelandic families as cerebral amyloid
angiopathy, with recurrent cerebral haemorrhage, and gelsolin
variants are associated with corneal lattice dystrophy and cranial
neuropathy, most often in Finnish patients.
DNA analysis should now be performed routinely on patients

with systemic amyloidosis in whomAA or AL fibril type cannot
be definitively verified. The newly described leucocyte chemo-
tactic factor II (LECT2) form of amyloidosis can also mimic AL,
AA and hereditary forms of amyloid-related kidney disease, but
usually manifests as isolated, stable or slowly progressive renal
impairment, often with positive kidney and adrenal gland sig-
nalling on SAP scintigraphy; currently it can only be reliably
identifiedwithmass spectrometry. The pathogenesis ofALECT2
amyloidosis is not known, but it is currently not thought to have
a genetic aetiology.

Conclusion and future directions

Improved understanding of the aetiology and pathogenesis of
amyloid has led to many recent advances in the characterization
andmanagement of amyloidosis. Chemotherapy in systemic AL
amyloidosis can now be guided by its early effect on SFLC con-
centration, and DNA analysis can prevent patients with other-
wise unrecognized hereditary amyloidosis from receiving inap-
propriate cytotoxic treatment. Clinical improvement following
successful treatment of the various conditions that underlie
amyloidosis is always gradual, and supportive measures are of
great importance, but the new generation of myeloma thera-
peutics, including proteasome inhibitors and thalidomide ana-
logues, have already had major impacts on outcomes in AL
amyloidosis.
Novel therapies specifically for amyloidosis now in develop-

ment include small molecules, monoclonal antibodies, peptides
and GAG analogues that variously interfere with amyloidogen-
esis. Immunotherapy approaches are in development, with the

573



Postgraduate Haematology

aim of promoting regression of amyloid. Several of these new
therapeutic approaches are already being tested in patients with
the hope that theymay be effective in a diverse range of amyloid-
related disorders in the near future.
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Introduction

The classification of lymphoid neoplasms in the World Health
Organization (WHO) proposal is based on twomajor principles:
stratification of the neoplasms according to their cell lineage and
the definition of non-overlapping distinct diseases that are clin-
ically relevant. The identification of these diseases is based on
a combination of morphology, immunophenotype, genetic and
molecular features and clinical manifestations.
The 2001 WHO classification of lymphoid neoplasms was

based on the Revised European–American Classification of
Lymphoid Neoplasms (REAL) published by the International
Lymphoma Study Group (ILSG) in 1994. The validation of this
proposal in a large series of tumours and the publication of the
third edition of the WHO classification ended a long history of
controversy between different classification schemes that used
different terminologies and concepts among pathologists and
clinicians in different parts of the world.
The current WHO classification published in 2008 was

the result of an international effort that integrated criteria
developed by different working groups, refined definitions
of well-established diseases, incorporated new entities and
developed new concepts and ideas related to the biology of
lymphomas. However, the classification still has contentious
aspects, such as provisional entities corresponding to categories
for which the WHO Working Group felt there was insuffi-
cient evidence to recognize as distinct diseases at this time
(Table 31.1).

Mature B-cell neoplasms

This is a heterogeneous group of neoplasias that in most cases
may be related to different steps in the normal B-cell differen-
tiation process. The combination of morphological, phenotypic
and molecular features are essential for the diagnosis of the dif-
feren entities (Table 31.2).

Chronic lymphocytic leukaemia/small
lymphocytic lymphoma (see also Chapter 27)

Chronic lymphocytic leukaemia/small lymphocytic lymphoma
(CLL/SLL) is a neoplasm of mature small B-cell lymphocytes
that commonly express CD5 andCD23 and have dim expression
of surface IgM/IgD. The tumour usually involves the peripheral
blood and bone marrow, but also lymph nodes, spleen, liver and
other extranodal sites. The diagnosis of the disease requires, in
the absence of extramedullary tissue involvement, the presence
of 5 × 109/L monoclonal B lymphocytes with a CLL phenotype
in the blood. The diagnosis may be established with lower cell
counts when the patient has cytopenias or disease-related symp-
toms. The term ‘small lymphocytic lymphoma’ refers to non-
leukaemic neoplasms with the same morphology and pheno-
type. The presence in blood of a clonal population of B-cells
with the CLL phenotype below this number of lymphocytes is
called monoclonal B-cell lymphocytosis (MBL). MBL is consid-
ered a precursor of CLL, although not allMBLwill progress to an
overt CLL.
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Table 31.1 WHO classification of mature lymphoid neoplasms.

Mature B-cell neoplasms

Chronic lymphocytic leukaemia/small lymphocytic lymphoma
B-cell prolymphocytic leukaemia
Splenic B-cell marginal zone lymphoma
Hairy-cell leukaemia
Splenic lymphoma/leukaemia unclassifiable
Splenic diffuse red pulp small B-cell lymphoma
Hairy-cell leukaemia variant

Lymphoplasmacytic lymphoma/Waldenström
macroglobulinaemia

Heavy-chain diseases
Plasma-cell myeloma
Solitary plasmacytoma of bone
Extraosseous plasmacytoma
Extranodal marginal zone lymphoma of mucosa-associated
lymphoid tissue (MALT lymphoma)

Nodal marginal zone lymphoma
Paediatric nodal marginal zone lymphoma

Follicular lymphoma
Paediatric follicular lymphoma

Primary cutaneous follicle centre lymphoma
Mantle-cell lymphoma
Diffuse large B-cell lymphoma (DLBCL), not otherwise specified
T-cell/histiocyte-rich large B-cell lymphoma
Primary DLBCL of the CNS
Primary cutaneous DLBCL, leg type
EBV-positive DLBCL of the elderly

DLBCL associated with chronic inflammation
Lymphomatoid granulomatosis
Primary mediastinal (thymic) large B-cell lymphoma
Intravascular large B-cell lymphoma
ALK-positive large B-cell lymphoma
Plasmablastic lymphoma
Large B-cell lymphomas arising in HHV8-associated
multicentric Castleman disease

Primary effusion lymphoma
Burkitt lymphoma
B-cell lymphoma, unclassifiable, with features intermediate
between DLBCL and Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermediate
between DLBCL and classical Hodgkin lymphoma

Mature T-cell and NK-cell neoplasms

T-cell prolymphocytic leukaemia
T-cell large granular lymphocytic leukaemia
Chronic lymphoproliferative disorder of NK cells
Aggressive NK-cell leukaemia
Systemic EBV-positive T-cell lymphoproliferative disease of
childhood

Hydroa vacciniforme-like lymphoma
Adult T-cell leukaemia/lymphoma
Extranodal NK/T-cell lymphoma, nasal type

Table 31.1 (Continued)

Mature T-cell and NK-cell neoplasms (Continued)

Enteropathy-associated T-cell lymphoma
Hepatosplenic T-cell lymphoma
Subcutaneous panniculitis-like T-cell lymphoma
Mycosis fungoides
Sézary syndrome
Primary cutaneous CD30-positive T-cell lymphoproliferative

disorders
Lymphomatoid papulosis
Primary cutaneous anaplastic large-cell lymphoma

Primary cutaneous γδ T-cell lymphoma
Primary cutaneous CD8-positive aggressive epidermotropic

cytotoxic T-cell lymphoma
Primary cutaneous CD4-positive small/medium T-cell

lymphoma
Peripheral T-cell lymphoma, unspecified
Angioimmunoblastic T-cell lymphoma
Anaplastic large-cell lymphoma, ALK positive
Anaplastic large-cell lymphoma, ALK negative

Hodgkin lymphoma

Nodular lymphocyte predominant Hodgkin lymphoma
Classical Hodgkin lymphoma

Nodular sclerosis classical Hodgkin lymphoma
Lymphocyte-rich classical Hodgkin lymphoma
Mixed cellularity classical Hodgkin lymphoma
Lymphocyte-depleted classical Hodgkin lymphoma

Source: Swerdlow et al., 2008. Reproduced with permission of WHO.

The bone marrow is infiltrated in virtually all cases with an
interstitial, nodular or diffuse pattern. The lymph nodes show
effacement of the architecture by a diffuse infiltration. Aggre-
gates of prolymphocytes and paraimmunoblasts, called prolifer-
ation centres, are an almost constant feature in the lymph nodes
(Figure 31.1). The proliferative cells tend to accumulate in these
areas and are also associated with some follicular dendritic cells
and increased numbers of CD4+ T cells. The detection of ZAP-
70 by flow cytometry is an important prognostic marker of the
disease that correlates well with the mutational status of the
immunoglobulin genes. CD38 expression is also considered a
prognostic marker (see also Chapter 27).
The mutational status of the immunoglobulin genes

(IG) distinguishes two major subtypes of the disease. Thus,
40–50% of cases have unmutated IG (>98% identity with the
germline), whereas 50–60% have hypermutated genes. Patients
with unmutated-IG CLL have a more aggressive disease. Anal-
ysis of immunoglobulin gene sequences has revealed a marked
bias in use of the different VH families and the identification
of subsets of cases with quasi-identical IGHV sequences called
stereotypes, suggesting the influence of certain antigens in the
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Table 31.2 Immunophenotypic features of common B-cell neoplasms.

Neoplasm SIG; CIg CD20 CD5 CD10 BCL6 MUM1 CD23 CD43 CD103 Cyclin D CD38/CD138 CD30 EBV

CLL +; –/+ +weak + – – –/+ + + – – – – –
Lymphoplasmacytic
lymphoma

+; + + – – – + – +/– – – + – –

Hairy-cell leukaemia +; – + – – – – – + ++ +/– – – –
Splenic marginal-zone
lymphoma

+; –/+ + – – – –/+ – – + – – – –

Follicular lymphoma +; – + – +/– + –/+ –/+ – – – – – –
Mantle-cell lymphoma +; – + + – – – – + – + – – –
MALT lymphoma +; +/– + – – – –/+ –/+ –/+ – – – – –
DLBCL-GCB +/–; –/+ + – + + – –/+ – – – –
DLBCL-ABC +/–; –/+ + – – – + – – – – –/+ –/+*
PMBL – + – – +/– +/– + – – – – + –
Burkitt lymphoma +; – + – + + – – – – – – –/+
Plasmablastic
lymphoma

+ – – –/+ – + – – – – + +/– +

Plasma cell myeloma + –/+ – +/– – + – –/+ – –/+ + – –

*EBV+ DLBCL.
ABC, activated B-cell type; cIG, cytoplasmic immunoglobulin; DLBCL, diffuse large B-Cell lymphoma; EBV, Epstein–Barr virus; GCB, Germinal-centre B
cell type; PMBL, primary mediastinal B-cell lymphoma; sIg, surface immunoglobulin.

selection of tumour cells. The most common chromosomal
alterations are deletions of chromosome 13q (50%), trisomy
12 (20%), 11q deletions (15%) and 17p deletions (10%); 13q
deletions are more common in mutated CLL, whereas 11q and
17p deletions are more frequent in unmutated CLL and are
associated with a worse prognosis. Next-generation sequencing
(NGS) studies have identified the complexmutational landscape
of the disease that in addition to the frequent TP53 (3–15%)
and ATM (10–15%) alterations also include frequent mutations
in NOTCH1 (4–15%), SF3B1 (5–17%) BIRC3 (3%), MYD88
(3%), among many others. The distribution of these mutations
varies in different subgroups of patients and in the evolution of
the disease
Transformation into a more aggressive tumour occurs in

2–10% of patients (Richter syndrome). The two most com-
mon forms of transformation are diffuse large B-cell lym-
phoma (DLBCL) and, less frequently, Hodgkin lymphoma (HL).
DLBCL arising in unmutated-IG CLL usually corresponds to
the clonal evolution of the preceding CLL, whereas in mutated
CLL it frequently corresponds to a different lymphoid neoplasm.
DLBCL transformation is frequently associated with TP53 or
NOTCH1 mutations.

B-cell prolymphocytic leukaemia (see also
Chapter 27)

B-cell prolymphocytic leukaemia (B-PLL) is a malignancy of B
prolymphocytes that affects the blood, bone marrow and spleen

and is characterized by more than 55% prolymphocytes in the
blood. B-PLL does not include transformed CLL, CLL with
increased prolymphocytes, and blastoid mantle cell lymphoma
with t(11;14)(q13;q32), which should be excluded. B-PLL is an
uncommon disease of old patients (median age 65–69 years) and
similar male/female distribution. Patients have ‘B’ symptoms,
massive splenomegaly, absent orminimal lymphadenopathy and
a rapidly rising lymphocyte count, usually over 100 × 109/L.
Anaemia and thrombocytopenia are seen in 50%.
The cells strongly express surface IgM with or without IgD

and mature B-cell antigens. CD5 and CD23 are only positive in
20–30% and 10–20% of cases, respectively. Complex karyotypes
are common and 17p deletions associatedwithTP53 genemuta-
tions are detected in 50% of cases.
Median survival is 30–50 months. IGHV mutations, ZAP-70

and CD38 expression are heterogeneous and, contrary to CLL,
lack precise clinical prognostic value.

Splenic marginal zone lymphoma

Splenic marginal zone lymphoma (SMZL) is a B-cell neoplasm
composed of small lymphocytes that surround and replace the
germinal centres and mantle of the reactive follicles in the white
pulp, andmergewith a peripheral (marginal) zone of larger cells,
including scattered transformed blasts. Both small and larger
cells infiltrate the red pulp. The patients usually have a leukaemic
and splenomegalic presentation with villous lymphocytes in the
blood. The disease also involves the splenic hilar lymph nodes
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(a)

(b)

Figure 31.1 Lymph node with chronic lymphocytic leukaemia.
(a) At low power the lymph node shows diffuse effacement of the
architecture with vaguely nodular pale areas that correspond to the
proliferation centres. (b) At higher magnification the proliferation
centre contains larger cells with nuclei that have a central nucleolus
(prolymphocytes and paraimmunoblasts).

and bone marrow, but extension to peripheral lymph nodes is
uncommon (Figure 31.2).
There are no distinctive phenotypicmarkers for SMZL, whose

diagnosis requires the exclusion of other lymphoma types. Most
cases exhibit IgM/IgD and a mature B-cell phenotype, but other
markers are usually negative (Figure 31.2). The immunoglobulin
genes are unmutated in approximately half of the cases, which
also tend to have deletions of chromosome 7q31–32 (45%)
and a more unfavourable evolution. NGS studies have identi-
fied frequent mutations in NOTCH2 (20–25%), genes of the

NF-κB pathway (BIRC3, TNFAIP3), and KLF2. Some cases
are positive for hepatitis C virus and may respond to antivi-
ral treatment. The clinical course is usually indolent, but some
patients may have progressive disease and transformation to a
large-cell lymphoma may occur. The hairy cell leukaemia vari-
ant and lymphomas with a diffuse infiltrate of the red pulp are
included in a provisional category termed ‘splenic B-cell lym-
phoma/leukaemia, unclassifiable’.

Lymphoplasmacytic lymphoma/Waldenström
macroglobulinaemia

Lymphoplasmacytic lymphoma (LPL) is a B-cell neoplasm com-
posed of small lymphocytes, plasmacytoid lymphocytes and
plasma cells, usually involving the bone marrow and sometimes
lymph nodes and spleen that does not fulfil the criteria for any
other B-cell neoplasm which may have plasmacytic differentia-
tion.Although the detection of a paraprotein is common, it is not
required for the diagnosis.Waldenströmmacroglobulinaemia is
an LPL with bone marrow involvement and an IgMmonoclonal
gammopathy of any concentration. Because these entities do not
have specific markers, it is essential to exclude the presence of
any other B-cell neoplasm that may have a plasmacytic differen-
tiation. NGS have identified activating mutations ofMYD88 in
90–100% of the cases and CXCR4 in 28%. These findings may
help in the differential diagnosis of the disease.

Plasma cell neoplasms (see also Chapter 29)

Plasma cell neoplasms encompass a spectrum of lesions char-
acterized by the clonal expansion of terminally differentiated
B cells that usually secrete a class-switched immunoglobulin
(Table 31.3).

Monoclonal gammopathy of undetermined
significance
Monoclonal gammopathy of undetermined significance
(MGUS) is defined by less than 10% clonal plasma cells in
the bone marrow and less than 30 g/L of an M-protein and
absence of end-organ damage. This condition is considered
a preneoplastic process since evolution to overt plasma cell
malignancy does not always occur.

Plasma cell myeloma (see also Chapter 29)
Plasma cell myeloma is a bone marrow neoplasm character-
ized by multifocal proliferation of plasma cells associated with
a serum M-protein and symptomatic disease related to differ-
ent organ dysfunction or lytic bone lesions. The plasma cells in
the bone marrow expand in small or large clusters. Some cases
may present asymptomatically, whereas in others the tumour
cells spread to the peripheral blood in the form of a plasma-cell
leukaemia. The phenotype of these cells is aberrant, with expres-
sion of CD19 and CD56 in 75% of cases and other markers such
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(a) (b)

(c)

Figure 31.2 Splenic marginal zone lymphoma. (a) The spleen shows multiple nodular proliferations in the red pulp and expanding the
white pulp areas. (b) At higher magnification the nodules are composed of small lymphoid cells in the centre and larger cells at the
periphery. (c) The tumour cells are IgD positive.

Table 31.3 Plasma cell neoplasms.

Monoclonal gammopathy of undetermined significance
Plasma cell myeloma
Asymptomatic (smouldering) myeloma
Non-secretory myeloma
Plasma-cell leukaemia

Plasmacytoma
Solitary plasmacytoma of bone
Extraosseous (extramedullary) plasmacytoma

Immunoglobulin deposition diseases
Osteosclerotic myeloma (POEMS syndrome)

as CD117, CD20, CD52 and CD10. Chromosomal transloca-
tions involving the 14q32 region occur in 40% of cases; the part-
ner translocations include CCND1 (cyclin D1) at 11q13, MAF
at 16q23, FGFR3 and MMSET at 4p16, CCND3 (cyclin D3) at
6p21 and MAFB at 20q11. Tumours lacking these alterations
are usually hyperdiploid.MYC translocations have been recently
identified in around 20% of cases.

Plasmacytoma
Plasmacytoma is a solitary tumour lesion composed of clonal
plasma cells that may occur in bones or extraosseous tis-
sues (Figure 31.3). Bone plasmacytomas evolve to plasma cell
myeloma in two-thirds of patients. In contrast, extraosseous
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(a)

(b)

Figure 31.3 Plasmacytoma of the nasal cavity. (a) Atypical plasma
cells embedded in fibrous stroma. (b) Plasma cells are CD138
positive.

localized lesions have a relatively indolent behaviour without
bone marrow involvement, suggesting a closer relationship to
MALT lymphomas than bone marrow plasma-cell neoplasms.

Extranodal marginal zone lymphoma of
mucosa-associated lymphoid tissue (MALT
lymphoma)

MALT lymphomas are extranodal B-cell neoplasms composed
of a heterogeneous population of small lymphocytes, marginal
zone lymphocytes with cleaved nuclei (centrocyte-like), cells
with clear cytoplasm resembling monocytoid B cells, cells with
plasmacytic differentiation and occasional large transformed
cells. All these cells expand the marginal zone of reactive
follicles and in some cases may colonize the germinal centres,

but preserve the mantle zone area. In epithelial tissues the neo-
plastic cells infiltrate the epithelium forming lymphoepithelial
lesions (Figure 31.4). These tumours occur most commonly in
the gastrointestinal tract, salivary gland, lung, head and neck,
ocular adnexa, skin and, less frequently, thyroid and breast.
The lymphoma cells express mature B-cell markers, IgM and

less often IgG or IgA, but IgD is usually negative. CD5, CD10
and CD23 are negative, although some CD5-positive cases have
been described. Four major translocations have been associated
with these lymphomas, t(11;18), t(1;14), t(14;18) and t(3;14),
that generate the chimeric gene BIRC3–MALT1 or activate

(a)

(b)

Figure 31.4 Gastric marginal zone lymphoma of the
mucosa-associated lymphoid tissue (MALT lymphoma). The
gastric mucosa is infiltrated by a monotonous population of
lymphoid cells that surrounds a residual germinal centre (a) and
destroys the glands, creating lymphoepithelial lesions clearly
observed with cytokeratin staining (Cam 5.2 immunoperoxidase
staining) (b).
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BCL10,MALT1 and FOXP1, respectively. The t(11;18) translo-
cation tends to occur more frequently in gastric and lung lym-
phomas, whereas the t(14;18) translocation is more often seen
in salivary gland and ocular adnexa tumours. Interestingly,
MALT1 and BCL10 participate in activation of the same NF-κB
pathway.
These lymphomas arise in topographic sites with a pre-

existing chronic inflammatory lesion induced by infectious,
immunological or unknown stimuli. Thus gastric lesions are
associated with Helicobacter pylori, Campylobacter jejuni is
detected in the immunoproliferative small intestinal disease,
Chlamydia psittaci in ocular adnexa tumours of certain geo-
graphic regions and Borrelia burgdoferi in some cutaneous
MALT lymphomas. Autoimmune disorders of the salivary gland
(Sjögren syndrome) and thyroid (Hashimoto disease) are the
preceding lesions of MALT lymphomas in these locations.
The lymphoma responds to control of the underlying infec-

tious disease and local treatments, but may relapse in extranodal
territories after many years. Nodal dissemination may precede
clinically the detection of extranodal involvement. Tumours
with the translocations described appear to be resistant to antibi-
otic therapy. Transformation to large-cell lymphomasmay occur.

Nodal marginal zone lymphoma (NMZL)

NMZL is a primary neoplasm of the lymph nodes that resem-
bles extranodal MALT lymphomas (Figure 31.5). An extranodal
or splenic lymphoma should be ruled out before this diagnosis is
established. Although the morphology and phenotype is similar
to MALT lymphoma, primary NMZL does not exhibit the typi-
cal translocations of these tumours. Patients may present with
disseminated disease and 60–80% survive more than 5 years.
Some cases may evolve to large B-cell lymphomas.
NMZLs in the paediatric age group seem to have distinc-

tive clinical and morphological features. Thus, they present pre-
dominantly in males as asymptomatic localized tumours and
morphologically the residual follicles may have features of pro-
gressive transformed germinal centres with erodedmantle zones
by the tumour cell infiltration. Molecular and genetic studies
detect clonal rearrangements of the IG or chromosomal alter-
ations in virtually all cases and these findings are useful in the
differential diagnosis with reactive hyperplasias. The prognosis
of these patients seems excellent with conservative therapy.

Follicular lymphoma (FL)

FL is a neoplasm composed of cells of the germinal centres, with
different proportions of small centrocytes and large centrob-
lasts, that usually has a follicular growth pattern (Figure 31.6).
These tumours are common in Western countries, accounting
for around 20–30% of all lymphomas.
These tumours have been graded according to the number of

large cells, as follows: grade 1 (0–5 large cells per high-power

(a)

(b)

Figure 31.5 Nodal marginal zone lymphoma. (a) Tumour cells
with a clear appearance infiltrate the node, with partial
preservation of the architecture. (b) Higher magnification reveals
the clear cytoplasm of the tumour cells.

field), grade 2 (6–15 large cells) and grade 3 (>15 large cells).
Grades 1 and 2 represent a morphological continuum that is
not associated with relevant clinical or biological differences and
therefore this distinction is not encouraged. However, grade 3
tumours are further distinguished into grades 3a and 3b accord-
ing to the presence of intermingled small centrocytes in grade 3a,
whereas grade 3b is composed entirely of large cells. According
to the genetic and phenotypic features, FL grade 3a seems more
related to FL grade 1–2, whereas FL grade 3b may be closer to
DLBCL. Any diffuse area composed of more than 15 large cells
should be reported as DLBCL, and the percentage of the respec-
tive DLBCL and FL components indicated.
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(a) (b)

(c)

Figure 31.6 Follicular lymphoma. (a) The tumour grows in a follicular pattern with expanded germinal centres without macrophages. The
tumour cells are positive for CD10 (b) and BCL-2 (c).

FL has a mature B-cell phenotype with coexpression of the
germinal-centre markers CD10 and BCL-6 (Figure 31.6). CD5,
CD43 and CD23 are negative. IRF4/MUM1, a transcription fac-
tor related to plasma cell differentiation, is also usually negative.
BCL-2 is positive in 85–90% of FL grade 1–2, but only in 50%
of grade 3. BCL-2 staining is very useful because reactive ger-
minal centres are negative (Figure 31.6). This expression reflects
the presence of the t(14;18) translocation that is the genetic hall-
mark of this lymphoma and which targets the BCL2 gene. FL
grade 3b is less frequently positive for CD10 and BCL-2 protein
and the t(14;18) translocation is only detected in 5–40% of cases.
In contrast, these lymphomas express IRF4/MUM1 in 40% of
the cases and carry 3q27 and BCL6 rearrangements in 30–50%
of cases, whereas these aberrations are rare in FL grades 1–3a.

A predominant diffuse variant of FL that also lacks the t(14;18)
has been described. The presentation in these patients is usu-
ally inguinal or pelvic with large masses. The tumour expresses
CD10, CD23 and carries del 1p36. Some cases may progress
to a DLBCL and this transformation may be associated with
TP53 mutations, CDKN2A/B homozygous deletions or t(8;14)
translocations involving MYC and mutations of MYD88 and
TNFAIP3.
The tumour cells in FL are associated with a rich microenvi-

ronment of different types of T cells and histiocytes that seem to
play a major role in determining the biological behaviour of the
lymphoma. NGS studies in FL have identified frequent muta-
tions in genes involved in chromatin remodelling, particularly
inMLL2 (89%), CREBB (36%) and EZH2 (22%).

582



Chapter 31 The classification of lymphomas: updating the WHO classification

Figure 31.7 Follicular lymphoma of the duodenum.

In situ follicular lymphoma/intrafollicular
neoplasia
In situ FL or intrafollicular neoplasia is a variant in which the
tumour cells are limited to the germinal centres of the follicles.
Usually, only a number of the lymph node follicles are involved,
whereas others are reactive. The tumour cells are recognized
by their strong BCL-2 expression inside the germinal centres
and the absence of CD10- and BCL-6-positive tumour cells out-
side the follicles. The BCL-2-positive cells in the follicle carry
the t(14;18) translocation. Some of these cases may correspond
to early involvement of a lymph node by a disseminated tumour.
A second group of patients may develop overt FL during follow-
up, but most patients (94%) remain free of lymphoma elsewhere
after many years of follow-up.

Paediatric follicular lymphoma
Paediatric FL occurs in children and young adults, usually
involving the head and neck region, but also the testis with local-
ized disease. The lymphomas are BCL-2 negative, do not carry
the t(14;18) translocation and are grade 3. These cases have a rel-
atively good evolution, with local therapy. A subset of tumours
presenting in the Waldeyer’s ring are frequently associated with
a DLBCL component, express strong IRF4 and carry transloca-
tions of this gene. These cases may require systemic therapy.

Primary intestinal follicular lymphoma
Primary intestinal FL occurs frequently in the duodenum as
an incidental finding (Figure 31.7). These cases have a conven-
tional morphology, phenotype and genetic findings. However,
the tumours express IgA and remain localized, with an excellent
prognosis, even without treatment.

Primary cutaneous follicle centre lymphoma
Primary cutaneous follicle centre lymphoma generally presents
in the skin of the head and trunk. The tumour cells may grow

(a)

(b)

Figure 31.8 Mantle-cell lymphoma with classical (a) and
pleomorphic (b) morphology.

with a follicular or more diffuse pattern. The cells express
B-cell markers and BCL-6, whereas CD10 is positive in cases
with a follicular pattern, but tend to be lost in the diffuse compo-
nent. BCL-2 expression and the t(14;18) translocation are usu-
ally negative. The tumoursmay relapse, but have a good outcome
without extracutaneous dissemination, even with only localized
therapy.

Mantle-cell lymphoma

Mantle-cell lymphoma (MCL) is a B-cell neoplasm generally
composed of monomorphous small- to medium-sized lym-
phoid cells with irregular nuclear contours and cyclin D1 over-
expression secondary to CCND1 translocation (Figures 31.8
and 31.9). This tumour comprises 3–10% of non-Hodgkin lym-
phomas and occurs mainly in males, with a median age around
60 years. Most MCLs are diagnosed as disseminated nodal
disease, but a number of patients are initially seen with
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Figure 31.9 Mantle-cell lymphoma is positive for cyclin D1.

leukaemic disease, bone marrow involvement and frequently
splenomegaly, but without lymphadenopathy. Extranodal
involvement is very common. Some tumours may have a
blastoid or pleomorphic cytology resembling lymphoblasts or
DLBCL, respectively. These cytological variants are associated
with higher proliferative activity, more complex karyotypes
and worse prognosis. The tumour cells grow with a vaguely
nodular, diffuse or mantle-zone pattern. Some cases may show
restricted infiltration to the inner mantle zones of otherwise
reactive follicles, a situation that has been named in situ
MCL. The tumour cells express mature B-cell markers, with
intense CD20 and surface immunoglobulin, and coexpress
CD5 and CD43. CD23 and germinal-centre markers are
negative.
MCL exhibits the t(11;14) translocation that targets CCND1.

SOX11 is a transcriptional factor highly expressed in MCL
but not in other mature B-cell lymphomas, with the exception
of Burkitt lymphoma (30%). SOX11 seems to play an onco-
genic role in MCL by regulating a broad transcriptional pro-
gram that includes blocking the B-cell differentiation program
and promoting angiogenesis. SOX11 positive tumours usually
have unmutated IGHV and accumulate complex karyotypes. A
subset of MCL does not express SOX11. These cases tend to
have hypermutated IGHV and simple karyotypes. Some cases
of cyclin-D1-negative MCL have been recognized with simi-
lar morphological and phenotypic features to those of cyclin-
D1-positive tumours. Approximately 50% of these cases have
CCND2 translocations. SOX11 is also expressed in cyclin-D1-
negative tumours and its detection is a useful tool to recognize
this variant. The clinical presentation and behaviour is similar
to CCND1-positive tumours. NGS have identified newmutated
genes that in addition to the frequently mutated ATM (41%)
and TP53 (28%) include NOTCH1/2 (10%), genes involved in
chromatin modification (MLL2 (15%)WSHC1 (10%),MEF2B

(3%)) and activation of the NF-κB pathway (BIRC3, TRAF2/3)
(6%). SOX11-negative tumours may have TP53mutations asso-
ciated with worse prognosis but usually do not have mutations
in the other genes.
In general MCL has an aggressive clinical course, with fre-

quent relapses after responding to chemotherapy and a median
survival of 3–5 years. Proliferation is considered the best bio-
logical prognostic parameter. Patients presenting with disease
limited to the blood, bone marrow and sometimes the spleen,
without lymphadenopathy, have been reported to have a better
prognosis and may be candidates for watch and wait man-
agement. These tumours have simple karyotypes and a
distinct expression profile, including a negative expression
of SOX11.

Diffuse large B-cell lymphoma not otherwise
specified (see also Chapter 34)

DLBCL is a neoplasm of large B lymphocytes with a diffuse
growth pattern. These lymphomas are heterogeneous and sev-
eral morphological variants, phenotypical and molecular sub-
types, and different entities have been recognized (Table 31.4).
DLBCL is very common and accounts for 25–30% of adult non-
Hodgkin lymphomas. Usually, these cases present as primary
tumours, but they can also represent the transformation of a less
aggressive B-cell lymphoma.
Morphologically, DLBCL not otherwise specified (NOS) may

have centroblastic, immunoblastic or anaplastic cytology (Fig-
ures 31.10 and 31.11). These variants are related to biological and
genetic features, but the low reproducibility prevents their use as
major classifiers. Phenotypically,DLBCL,NOS expressesmature
B-cell markers. CD5 is detected in a subset of these tumours
that has been associated with a more aggressive behaviour.
The expression of the germinal-centre markers CD10, BCL-6
and LMO2 has been related to a germinal-centre origin of the
tumours, whereas the expression of IRF4/MUM1 and FOXP1
has been associated with an origin in non-germinal-centre acti-
vated B cells (Figures 31.10 and 31.11). These two immunophe-
notypic subgroups of DLBCL have a clear correlation with the
twomolecular subtypes of germinal-centre (GCB) and activated
B-cell (ABC) DLBCL, recognized by gene expression profiling.
However, the conflicting results obtained in different studies on
the prognostic significance of the phenotypic subgroups make
difficult their use in clinical practice.
Genetically, 20–30% of DLBCL, NOS exhibit the t(14;18)

translocation and BCL2 gene rearrangement. These cases are
associated with CD10 expression and a germinal-centre ori-
gin. Translocation of the 3q27 region and BCL6 rearrangements
are found up to 30% of cases. MYC translocations have been
observed in up to 10–15% of cases and are usually associated
with complex karyotypes and with BCL2 or, less frequently,
BCL6 rearrangements. These DLBCL carryingMYC and BCL2
or BCL6 translocations have been called DLBCL with a genetic
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Table 31.4 Diffuse large B-cell lymphoma (DLBCL): variants,
subgroups, subtypes and entities.

DLBCL, not otherwise specified

Common morphological variants
Centroblastic
Immunoblastic
Anaplastic

Rare morphological variants
Molecular subgroups
Germinal centre B-cell-like
Activated B-cell-like

Immunohistochemical subgroups
CD5-positive DLBCL
Germinal centre B-cell-like
Non-germinal centre B-cell-like

DLBCL subtypes

T-cell/histiocyte-rich large B-cell lymphoma
Primary DLBCL of the central nervous system
Primary cutaneous DLBCL, leg type
EBV-positive DLBCL of the eldery

Other lymphomas of large B cells

Primary mediastinal (thymic) large B-cell lymphoma
Intravascular large B-cell lymphoma
DLBCL associated with chronic inflammation
Lymphomatoid granulomatosis
ALK-positive large B-cell lymphoma
Plasmablastic lymphoma
Large B-cell lymphoma arising in HHV8-associated multicentric
Castleman disease

Primary effusion lymphoma

Borderline cases

B-cell lymphoma, unclassifiable, with features intermediate
between DLBCL and Burkitt lymphoma

B-cell lymphoma, unclassifiable, with features intermediate
between DLBCL and classical Hodgkin lymphoma

Source: Swerdlow et al., 2008. Reproduced with permission of WHO.

‘double hit’ and have a very poor prognosis. The recognition of
this subset of tumours has been recommended to investigate
alternative therapeutic strategies. DLBCL with double expres-
sion of MYC and BCL2 proteins have also poor prognosis, but
the evolution is not as aggressive as the ‘double genetic hit’
tumours and it is not clear whether these patients require dif-
ferent treatments.
Gene expression profiling of DLBCL, NOS has identified two

majormolecular subtypes that express genes related to germinal-
centre cells (GCB) or activated B cells (ABC), respectively. These
subtypes of DLBCL differ in genetic, molecular and clinical

(a)

(b)

Figure 31.10 Diffuse large B-cell lymphoma (a) positive for CD10
(b) suggests a germinal-centre cell origin.

aspects, indicating that they correspond to different biologi-
cal entities. ABC, but not GCB, DLBCL exhibits constitutive
activation of the NF-κB pathway. The clinical outcome is also
different, with 5-year survival rates of 59% and 30% in GCB
and ABC DLBCL, respectively. The prognostic value of these
molecular subtypes has been retained in patients treated with
rituximab-containing regimens. The recognition of thesemolec-
ular subtypes of DLBCLmay be relevant to implement new ther-
apeutic strategies targeting the pathogenic differences. NGS has
identified a large number of mutated genes involved in chro-
matin remodelling, such as CREBB/EP300 (39%), MML2 (24-
32%), EZH2 (32%) andMEF2B (16%), and genes activating the
NF-κB pathway, such as MYD88 (29%), or CARD11. The first
group predominate in GC-DLBCL whereas the later are more
common in ABC-DLBCL.
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(a)

(b)

Figure 31.11 Diffuse large B-cell lymphoma with immunoblastic
morphology (a) and positivity for MUM1/IRF4 (b) suggesting a
non-germinal-centre cell origin.

T-cell/histiocyte-rich large B-cell lymphoma

T-cell/histiocyte-rich large B-cell lymphoma is characterized by
a limited number of scattered large B cells immersed in a rich
background of T cells and frequently histiocytes. The tumour
cells express mature B-cell markers and frequently BCL-2 and
EMA, although CD30, CD15 and CD138 are negative. The
background is composed of CD3 and CD4 T cells and CD68-
positive histiocytes. T-cell rosettes surrounding tumour B cells
are not seen. Cases positive for Epstein–Barr virus (EBV) and
a similar morphology would be better classified as EBV-positive
DLBCL. This tumour presents with disseminated disease involv-
ing lymph nodes but also spleen, liver and bone marrow. Fail-
ure of therapy and International Prognostic Index (IPI) score are
predictors of survival.

DLBCL with a predominant extranodal
location

The WHO classification recognizes a series of DLBCL subtypes
and entities characterized by predominantly extranodal presen-
tation (Table 31.4).

Primary mediastinal (thymic) large B-cell
lymphoma
Primary mediastinal (thymic) large B-cell lymphoma (PMBL)
seems to originate in a thymic B cell and predominates in
young women presenting with a large mediastinal mass that
frequently invades adjacent structures. Progression outside the
mediastinum frequently involves extranodal sites such as kid-
ney, liver, adrenal or central nervous system (CNS). The tumour
is mainly composed of large cells with abundant pale cytoplasm,
which express mature B-cell markers, but usually lack surface
immunoglobulin. CD30 is positive in 80% of cases, although not
as uniformly as in HL. CD15 is negative. Genetically, PMBL has
frequent gains and amplifications of 9p24 and inactivatingmuta-
tions of SOCS1. These tumours also carry translocations of the
MHC class II transactivator CIITA and the immunoresponse
modulator PDL1 and activating mutations of the phosphatase
PTPN1. Intriguingly, all these alterations may also be seen in
a proportion of Hodgkin lymphomas highlighting the genetic
relationship between these entities. These tumours have a dis-
tinctive expression profile, relatively similar to that of HL, con-
firming the pathological evidence of the relationship between
these two tumours. In fact, some patientsmay present with com-
bined HL and PMBL at diagnosis or relapse, or have tumours
with intermediate features of both (see below). The outcome of
these tumours is more favourable than other DLBCL, with a 5-
year survival of 65%.

Intravascular large B-cell lymphoma
Intravascular large B-cell lymphoma is a distinctive lymphoma
characterized by the growth of large B cells within the lumina
of small- to medium-sized vessels and capillaries (Figure 31.12).
It is relatively rare in Western countries, but more common
in Eastern populations. This lymphoma is very aggressive and
frequently diagnosed only at post mortem. An isolated cuta-
neous variant with better prognosis has been identified, mainly
in women.

Primary cutaneous DLBCL, leg type
Primary cutaneous DLBCL, leg type, is a primary cutaneous
lymphoma composed almost exclusively of atypical large B
cells that commonly presents in the lower extremities. These
tumours express an activated B-cell phenotype with positivity
for IRF4/MUM1 and CD10 negativity. BCL-6 is frequently pos-
itive and BCL-2 is strongly expressed. The genetic and molecu-
lar profiles are relatively similar to those found in ABC DLBCL.
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Figure 31.12 Intravascular lymphoma in the brain.

The prognosis is poor and the tumour tends to disseminate to
extracutaneous sites.

Large-cell lymphomas of terminally
differentiated B cells

The updated WHO classification has included different lym-
phoma entities that have in common the proliferation of large
lymphoid cells with a terminally differentiated B-cell phenotype
characterized by variable or total lack of CD20 expression, and
less frequently CD79a, but which express plasma-cell-associated
antigens such as CD38 and CD138. Most of these tumours are
infected with EBV or human herpesvirus (HHV)-8 and occur
in patients with a certain immunodeficiency status.

ALK-positive large B-cell lymphoma
ALK-positive large B-cell lymphoma is a distinctive disease
characterized by proliferation of large B cells with plasmablastic
differentiation that express ALK and are EBV negative. These
tumours present in young immunocompetent patients, usually
with nodal involvement and aggressive behaviour. ALK expres-
sion is due to ALK rearrangements, particularly with clathrin
[t(2;17)] or less frequently nucleophosmin [t(2;5)]. Contrary to
other lymphomas in this group, viral infection and immuno-
deficiency are absent.

Plasmablastic lymphoma
Plasmablastic lymphoma is a large B-cell lymphoma with
immunoblastic morphology and plasma-cell immunopheno-
type that presents mainly in extranodal sites such as oral mucosa
and gastrointestinal tract of immunosuppressed patients. HIV
infection is the main cause, but post-transplant or immuno-
suppressive treatments are also common causes. Most of the

Figure 31.13 Primary effusion lymphoma. The tumour cells are
present in the pleura and have a large plasmablastic morphology.

tumours are EBV positive and latent membrane protein (LMP)-
1 negative. The clinical behaviour is aggressive, with poor
response to therapy. MYC is rearranged in around 50% of the
cases.

Primary effusion lymphoma
Primary effusion lymphoma occurs mainly in immunosup-
pressed patients associated with HHV-8 and, frequently, EBV
infection. It is characterized by proliferation of large pleo-
morphic B cells that lack expression of B-cell markers and
immunoglobulin, but which express plasma-cell-associated
antigens and CD30 (Figure 31.13). These tumours usually
present as effusion lymphomas, with no involvement of tissues.
However, some patients may present with, or later develop, a
solid tumour in extranodal sites.

Burkitt lymphoma

Burkitt lymphoma (BL) is mainly a tumour of children and
young adults and is characterized by monotonous prolifera-
tion of medium-sized B cells with a mature B and germinal-
centre phenotype, negative or very weak BCL-2 expression,
high proliferation (Ki-67 > 95%) and the t(8;14) translocation
withMYC rearrangement. These tumours occur endemically in
equatorial Africa and other geographic areas and sporadically
throughout the world. BL is also seen associated with immuno-
deficiency, particularly HIV infection. The tumour mainly
involves extranodal sites, particularly the abdominal cavity, and,
in endemic areas, jaws and facial bones. The tumour may infil-
trate the CNS. A leukaemic phase may be seen in patients
with bulky disease and occasional patients may present with a
pure leukaemic disease (Burkitt leukaemia variant). The tumour
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(a)

(b)

Figure 31.14 Burkitt lymphoma. (a) ‘Starry sky’ pattern due to the
abundant histiocytes with apoptotic bodies. (b) Monotonous
medium-sized cells with high proliferation.

is clinically aggressive, but potentially curable with current
protocols.
Morphologically, the tumour cells are very monomorphic.

The high proliferation is typically associated with a ‘starry sky’
pattern because of the high number of histiocyte phagocytosing
apoptotic bodies (Figure 31.14). Genetically, the t(8;14) translo-
cation is found in most tumours with very few if any additional
genetic alterations.NGS studies have identified a distinctive pro-
file of somatic mutations targeting the ID3 (11%)/TCF3 (40–
70%) pathway not detected inDLBCL andCCND3 (38%). These
mutations promote survival and proliferation of tumour cells.
The gene expression profile of BL differs from that observed in
DLBCL with over-expression ofMYC target genes, high expres-
sion of germinal-centre-related genes and low expression of NF-
κB target genes and MHC class I genes.

B-cell lymphoma, unclassifiable, with features
intermediate between DLBCL and Burkitt
lymphoma

Borderline cases between DLBCL and BL comprise tumours
with a morphology that resembles BL, but which have an
atypical phenotype, such as strong BCL-2 protein expression,
tumours with blastic nuclear morphology, but negative for ter-
minal deoxynucleotidyl transferase and cyclin D1, or tumours
with a BL phenotype, but withmore irregular nuclei than accept-
able for this lymphoma. Some of these cases were diagnosed
previously as Burkitt-like lymphomas. These tumours express a
mature B-cell phenotype with a high proliferative index. Strong
expression of BCL-2 protein should suggest the presence of
t(14;18) in addition to t(8;14) (‘double hit’). MYC rearrange-
ments may occur with a non-immunoglobulin gene and may be
associated with complex karyotypes. Lymphomas with typical
morphology of DLBCL with high proliferative activity and/or
t(8;14) should not be included in this category. Clinically, the
patients are older than those with conventional BL, the disease
is usually disseminated and the bone marrow and peripheral
blood may be involved. The clinical evolution is very aggres-
sive, with poor response to conventional therapy. These cases are
not considered a specific entity but a working category. Some
cases may represent transformed FL, evolving DLBCL activat-
ing particular molecular pathways. However, independent of
the possible biological significance, these patients should be
recognized and studied separately from conventional DLBCL
and BL.

B-cell lymphoma, unclassifiable, with features
intermediate between DLBCL and classical
Hodgkin lymphoma

These tumours are B-cell lymphomas that have clinical, mor-
phological and/or immunophenotypic features that overlap
those of DLBCL, particularly PMBL, and HL. These cases are
diagnosed frequently in young men presenting with a large
mediastinal mass that is sometimes associated with surpraclav-
icular lymph nodes. Most of these cases are composed of sheets
of large cells with a pleomorphic aspect, sometimes lacunar
appearance, associated with some inflammatory infiltrate. The
phenotype combines strong expression of a complete B-cell pro-
gramme (CD20, CD79a, BOB-1, OCT2, PAX5) with CD30 and
CD15 positivity. Some cases resembling classical nodular scle-
rosis HL with uniform expression of CD20 and other B-cell
markers and lack of CD15 may also be included in this cate-
gory. In contrast, cases resembling PMBL that lack CD20 and
are positive for CD30 and CD15 may also be diagnosed in this
category. Composite lymphomas with clear areas of PMBL and
HL should not be included in this group and both components
should bementioned in the diagnosis. The overlappingmorpho-
logical and phenotypical features of these tumours have been
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Table 31.5 Immunophenotypic features of common T-cell neoplasms.

Neoplasm CD3S; C CD5 CD7 CD4 CD8 CD30 CXCL13 TCR CD56
Cytotoxic
granules EBV

T-PLL + – +, + +/– –/+ – – αβ – – –
T-LGL + – +, + – + – – αβ +, – + –
NK-LGL – – +, – – +/– – – – –, + + +
Extranodal NK/T-cell lymphoma –; + – –/+ – – – – – NA, + + ++
Hepatosplenic T-cell lymphoma + – + – – – – γδ> αβ +, –/+ + –
Enteropathy-type T-cell lymphoma + + + – +/– +/– – αβ>> γδ – + –
Mycosis fungoides + + –/+ + – – – αβ – – –
Subcutaneous panniculitis like
T-cell lymphoma

+ +/– +/– +/– – ++ – αβ – –/+ –

Primary cutaneous αβ T-cell
lymphoma

+ + + – + –/+ – γδ –, +/– + –

PTCL-NOS +/– +/– +/– +/– –/+ –/+ – αβ>γδ –/+ –/+ –/+
Angioimmunoblastic T-cell
lymphoma

+ + + +/– –/+ – + αβ – NA +/–

ALCL +/– +/– NA –/+ –/+ ++ – αβ – + –

TCR, T-cell receptor gene; NA, not available; Cytotoxic granules, TIA-1, perforin and/or granzyme.

validated as authentic biological characteristics by microarray
expression profiling studies that have demonstrated the simi-
larities between PMBL and HL. These tumours probably rep-
resent evidence of plasticity in the differentiation pathways of
B cells.

Mature NK-cell/T-cell neoplasms (see also
Chapter 28)

These tumours derive from natural killer (NK) cells and T
cells of peripheral lymphoid organs and can be roughly sub-
divided into three groups: leukaemic, extranodal and nodal.
The combination of morphological, phenotypic and molecu-
lar features are essential for the diagnosis of the different enti-
ties (Table 31.5) These are discussed in the following sec-
tions, with the exception of T-cell prolymphocytic leukaemia,
T-cell large granular lymphocyte leukaemia and chronic lym-
phoproliferative disorders of NK cells, which are considered in
Chapter 28.

Aggressive NK-cell leukaemia

This is a rare neoplasm, mainly observed among Asians,
and exhibits systemic proliferation of NK cells almost always
associated with EBV and an aggressive clinical course. Patients
are usually middle-aged of either sex. The most commonly
involved sites are the peripheral blood, bone marrow, liver
and spleen (Figure 31.15). Fever and constitutional symptoms

are common. Frequent complications are coagulopathy,
haemophagocytic syndrome (HPS) or multiorgan failure. A
specific overlap with extranodal NK/T-cell lymphoma may
exist. Circulating leukaemic cells exhibit a morphological
spectrum, from ‘normal LGL’ to elements with atypical infolded
nuclei, open chromatin and distinct nucleoli. They express CD2,
CD3ε, CD56 and cytotoxic molecules. Surface CD3 is absent.
T-cell receptor (TCR) genes are in germline configuration. Most
cases pursue a fulminant clinical course.

Figure 31.15 Cytospin from the peripheral blood of a patient with
aggressive NK-cell leukaemia, stained for CD56 (alkaline
phosphatase anti-alkaline phosphatase technique).
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Figure 31.16 Bone-marrow involvement by EBV-positive
lymphoproliferative disorder in a 16-year-old boy.

EBV-positive T-cell lymphoproliferative
disorders of childhood

Systemic EBV-positive T-cell lymphoproliferative disease of
childhood and Hydroa vacciniforme-like lymphoma are the
prototypes of these diseases. Both are prevalent in Far East
Asia and people with native-American ancestry, with no sex
predilection. EBV-positive T-cell lymphoproliferative disease of
childhood can develop shortly after primary EBV infection or
in the setting of chronic active EBV infection. It may have
a rapid evolution with fatal outcome. Hydroa vacciniforme-
like lymphoma is associated with sensitivity to insect bites and
sun exposure and behaves indolently. In both conditions, there
is strong suggestion of a genetic defect in the host immune
response to EBV. The infiltrating T cells are usually small and
lack significant cytological atypia, but at times are pleomorphic,
medium/largewith irregular nuclei and frequentmitoses (Figure
31.16). They are positive for CD2, CD3, TIA and EBV, but neg-
ative for CD56, and have monoclonally rearranged TCR genes.
Occasional cases with γδ-TCR or NK characteristics have been
reported.

Adult T-cell leukaemia/lymphoma (see also
Chapter 34)

Adult T-cell leukaemia/lymphoma (ATLL) is endemic in south-
western Japan, the Caribbean basin, Iran and parts of Cen-
tral Africa, its distribution resembling that of human T-cell
leukaemia/lymphoma virus (HTLV)-I. The disease has a long
latency with exposure of affected individuals to the virus
very early in life. Although causally linked to ATLL, HTLV-I
itself is insufficient to cause neoplastic transformation, addi-
tional genetic events being required. Most patients present
with widespread lymph node and peripheral blood involve-
ment, the skin being affected in more than 50%. ATLL is

Figure 31.17 Lymph node infiltration in a patient with adult T-cell
leukaemia/lymphoma.

characterized by variable clinical and histological features. In
particular, the behaviour varies from acute (with usual hyper-
calcaemia and possible lytic bone lesions) to lymphomatous,
chronic or smouldering, while the growth may consist of small-
to large-sized pleomorphic cells or display anaplastic or even
angioimmunoblastic-like morphology (Figure 31.17). Tumour
elements are usually CD2+CD3+CD5+CD25+CD7−. Most cases
are CD4+CD8−, a few CD4−CD8+ or CD4+CD8+. CCR4 and
FoxP3 are frequently expressed, while cytotoxic molecules are
absent. CD30 positivity is at times detected, especially in cases
lacking FoxP3, by heralding a more aggressive clinical course.
TCR genes are clonally rearranged. Clinical subtypes, age, per-
formance status, serum calcium and lactate dehydrogenase
levels are major prognostic indicators. The acute and lym-
phomatous variants have a short survival (2 weeks to more
than 1 year), while the chronic and smouldering forms behave
more indolently, but can progress to an acute phase (see also
Chapter 30).

Extranodal NK/T-cell lymphoma, nasal type
(see also Chapter 34)

Extranodal NK/T-cell lymphoma, nasal type, more often occurs
in adult males from Far East Asia, and from native-American
ancestry. The tumour is EBV positive with type II latency,
although LMP-1 expression is variable. Usually, these lym-
phomas affect the nasal cavity, nasopharynx, paranasal sinuses
and palate. Extranasal locations include the skin, soft tissue,
gastrointestinal tract and testis. Patients with nasal disease suf-
fer from nasal obstruction or epistaxis, or extensive mid-facial
destruction (so-called lethalmidline granuloma). Irrespective of
the site of presentation, the lymphomatous infiltrate is diffuse
with angiocentric and angiodestructive features and frequent
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Figure 31.18 Destructive lesion of the nasal cavities in the course
of extranodal NK/T-cell lymphoma, nasal type.

necrosis. Neoplastic cells may be small, medium-sized, large
or anaplastic with numerous mitotic figures and azurophilic
granules in Giemsa-stained touch preparations (Figure 31.18).
Phenotypically, they are positive for CD2, CD56, CD3ε and
cytotoxic markers, but negative for CD3. Occasional cases are
CD7+ or CD30+. It is noteworthy that CD56 is not specific for
these lymphomas, being detected in other peripheral T-cell lym-
phomas, mainly carrying γδ-TCR. A diagnosis of extranodal
NK/T-cell lymphoma, nasal type should be accepted with scep-
ticism if EBV-encoded RNA in situ hybridization is negative.
TCR and IGHV genes are usually in germline configuration, the
former being clonally rearranged in a few instances. The prog-
nosis of extranodal NK/T-cell lymphoma, nasal type is variable,
being always poor for cases occurring outside the nasal cavity.
It is noteworthy that survival has recently been improved with
more intensive regimens, including up-front radiotherapy and
L-asparaginase.

Enteropathy-associated T-cell lymphoma (see
also Chapter 28)

In its classical form, enteropathy-associated T-cell lymphoma
(EATL) is an intestinal tumour of intraepithelial T lymphocytes,
usually consisting of large lymphoid cells admixed with numer-
ous histiocytes and eosinophils and associated with necrosis.
The adjacent small intestinal mucosa shows villous atrophy,
crypt hyperplasia, increased lamina propria lymphocytes and
plasma cells, and intraepithelial lymphocytosis (Figure 31.19).
The disease occurs more often in areas with a high preva-
lence of coeliac disease (i.e. northern Europe) and has a strong
association with HLA DQ2 or D8 phenotype. Patients (usually
adults) present with abdominal pain, frequently associated with
intestinal perforation. The tumour forms one ormore ulcerating
mucosal masses that invade the wall of the intestine (frequently
jejunum or ileum). Neoplastic cells are positive for CD3, CD7,

Figure 31.19 Enteropathy-associated T-cell lymphoma. Remnants
of the mucosa are seen on the left-hand side.

CD103, TCR-β and cytotoxicmolecules, negative for CD4, CD5,
and MATK, with variable expression of CD8 and CD30. TCRβ
and γ genes are always clonally rearranged. Cytogenetics reveals
+9q31-qter or -16q12 and frequent +1q32-q41 and +5q34-q35.
The prognosis is poor, with death frequently resulting from
abdominal complications. An indolent form of T-cell lympho-
proliferative disease of the gastrointestinal tract has recently
been described that should be differentiated from EATL. The
tumour cells are small and non-destructive, usually limited to
the mucosa and submucosa and most cases do not have intra-
epithelial infiltration.
In the fourth edition of the WHO Classification, a variant

of the process is recognized (termed type II), which corre-
sponds to 10–20% of EATL cases. It may occur sporadically,
without risk factors for coeliac disease or specific HLA pheno-
type, and has a broader geographic distribution, representing
the only form observed among Asians, Hispanics and Amer-
ican indigenous populations. This is composed of monomor-
phic medium-sized cells with no inflammatory background and
rare necrosis. Enteropathic changes in the surrounding or adja-
centmucosa consists of focal or extensive epitheliotropism in the
absence of villous atrophy and crypt hyperplasia. ‘Type II EATL’
has a distinctive immunophenotype (CD3+CD4−CD8+CD56+,
MATK+). In a significant proportion of cases, neoplastic cells
carry γδ-TCR. On cytogenetic grounds, besides +9q31-qter
or 16q12, +8q24 (with amplification of MYC locus) does fre-
quently occur. At the present time, there is a great deal of dis-
cussion of whether to maintain the name type II EATL as well
as the inclusion of this tumour in the same category as classical
EATL.

Hepatosplenic T-cell lymphoma

Hepatosplenic T-cell lymphoma is a rare neoplasm derived from
cytotoxic T cells, mostly of the γδ type. It affects adolescents
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Figure 31.20 Splenic red pulp involvement by hepatosplenic T-cell
lymphoma.

and young adults, with male predominance. Up to 20% of these
lymphomas arise in the setting of chronic immuno-suppression,
usually for solid organ transplantation or prolonged antigenic
stimulation. It may also occur in patients, especially children,
treated with azathioprine and infliximab for Crohn’s disease.
Clinically, it is characterized by hepatosplenomegaly, systemic
symptoms and marked thrombocytopenia. Morphologically,
neoplastic cells are monotonous, with medium-sized nuclei,
loosely condensed nuclear chromatin, inconspicuous nucleoli
and a rim of pale cytoplasm. In the spleen, they infiltrate the red
pulp cords and sinuses with atrophy of the white pulp, while in
the liver and bone marrow they show intrasinusoidal diffusion
(Figure 31.20). Phenotypically, most cases are positive for CD3
and TCR-δ1, partly positive for CD56 andCD8, and negative for
TCR-αβ, CD4 and CD5. A minority carries the α/β dimer. The
cells express TIA1 and granzyme-M, but not granzyme-B and
perforin. They have rearranged TCR-γ genes. Cases of γδ ori-
gin show biallelic rearrangement of TCR-δ genes. Isochromo-
some 7q is present in most instances. Trisomy 8 and loss of a sex
chromosomemay also be present. The course is aggressive, with
initial response to chemotherapy, but rapid relapse. The median
survival is less than 2 years.

Subcutaneous panniculitis-like T-cell
lymphoma

Subcutaneous panniculitis-like T-cell lymphoma is a rare cyto-
toxic T-cell lymphoma that preferentially infiltrates subcuta-
neous tissue, is slightly commoner in females and has a broad
age spectrum. In the new WHO classification, cases express-
ing TCR-γδ are classified as primary cutaneous γδ T-cell lym-
phoma. About 20% of patients have an associated autoimmune
disease, mostly systemic lupus erythematosus. Patients present
with multiple subcutaneous nodules, usually in the absence of
other involved sites. Systemic symptoms are recorded in more

Figure 31.21 Example of subcutaneous panniculitis-like T-cell
lymphoma. Features of ‘rimming’ are easily seen.

than 50%of patients. Cytopenias and elevated liver function tests
are common, and frank HPS is seen in 15–20%. The infiltrate
involves the fat lobules with riming around individual fat cells
and usually spares septa as well as the overlying dermis and epi-
dermis (Figure 31.21). Vascular invasion is seen occasionally,
while necrosis and karyorrhexis are common. The cells have a
mature αβ T-cell phenotype (βF1+), usually CD8+ with expres-
sion of cytotoxicmolecules and negative for CD56. The neoplas-
tic cells show rearrangement of TCR genes, and are negative for
EBV. Dissemination to lymph nodes and other organs is rare.
The 5-year overall survival (OS) is 80%; however, if HPS occurs,
the prognosis is poor.

Mycosis fungoides and Sézary syndrome (see
also Chapter 28)

Mycosis fungoides is the commonest primary cutaneous T-cell
lymphoma (CTCL) and is characterized by epidermotropic infil-
trates of small to medium-sized T lymphocytes with cerebri-
form nuclei (Figure 31.22). It usually affects adults or the elderly
with a male predominance, but can also occur in children and
adolescents. The disease is limited to the skin, with classical
evolution of patches, plaques and tumours. Extracutaneous dis-
semination occurs in advanced stages. Mycosis fungoides slowly
progresses over years or sometimes decades. Histological
transformation (i.e. >25% blasts in the dermal infiltrates)
occurs mainly in the tumour stages. The typical phenotype
is CD2+CD3+TCR-β+CD5+CD4+CD8−CD7−. Recently, some
reports have highlighted occasional cases expressing follicular
T-helper (FTH) markers or γδ T-cell phenotype. TCR genes are
clonally rearranged in a proportion of patients. The single most
important prognostic factor is the clinical stage. In the more
advanced stages, the prognosis is poor, as it is in the case of his-
tological transformation. Rare clinical–morphological variants
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Figure 31.22 Mycosis fungoides. The epidermis is infiltrated by
neoplastic T cells with cerebriform nuclei and strong CD3
expression.

include folliculotropic mycosis fungoides, pagetoid reticulosis
and granulomatous slack skin.
Sézary syndrome is defined by erythroderma, generalized

lymphadenopathy and presence of neoplastic T cells with
cerebriform nuclei (so-called Sézary cells) in skin, lymph
nodes and blood. This is a rare disease accounting for
less than 5% of CTCLs. It occurs in adults, with a male
predominance. The histological and phenotypic features in
Sézary syndrome may be similar to those of mycosis fun-
goides. TCR genes are clonally rearranged. The 5-year OS is
10–20%.

Primary cutaneous CD30-positive T-cell
lymphoproliferative disorders

These lesions include primary cutaneous anaplastic large-cell
lymphoma (C-ALCL) and lymphomatoid papulosis, which form
a spectrum with overlapping histopathological and phenotypic
features. Their appearance and course are therefore critical for
the diagnosis.

Primary cutaneous anaplastic large-cell
lymphoma
C-ALCL is composed of large cells with an anaplastic, pleomor-
phic or immunoblastic morphology, the vast majority of which
express CD30. By definition, C-ALCL should not be preceded
by or coincide with mycosis fungoides. It must also be distin-
guished from systemic ALCL, which is a different entity. Most
patients present with solitary or localized nodules or tumours,
and sometimes papules located on the trunk, face, extremi-
ties or buttocks that often undergo ulceration and sometimes
show partial or complete spontaneous regression, as in lym-
phomatoid papulosis. Besides CD30 positivity, the neoplastic

cells display an activated CD4+ T-cell phenotype, with vari-
able loss of CD2, CD5 and/or CD3. Unlike systemic ALCL,
C-ALCL expresses CLA, but not EMA or ALK. The latter
molecule has recently been reported in some exceptional cases,
which run the same course as the negative ones. Of course,
under these circumstances it is pivotal to exclude a systemic
ALCL ALK+. Unlike Hodgkin and Reed–Sternberg cells, stain-
ing for CD15 is generally negative. Most cases show clonal
TCR gene rearrangement. The prognosis is favourable, with a
10-year OS of approximately 90%, although local relapses are
frequent.

Lymphomatoid papulosis
Lymphomatoid papulosis (LyP) is a chronic, recurrent, self-
healing skin disease that most often occurs in adults, with male
preponderance, affects trunk and extremities and is character-
ized by paradoxical eruptions of papular, papulonecrotic and/or
nodular lesions that tend to disappear within 3–12 weeks, pos-
sibly leaving a scar. The duration of the disease may vary from
several months to over 40 years. The prognosis is excellent.Mor-
phologically, the large CD30-positive cells may be intermingled
with a variable number of inflammatory cells or predominate as
a monotonous population. The phenotype is similar to that of
C-ALCL. Depending on the amount and distribution of atypi-
cal cells, five variants of LyP (A–E) are recognized, which can
mimic other conditions, including mycosis fungoides and pri-
mary cutaneous CD8-positive aggressive epidermotropic cyto-
toxic T-cell lymphoma.More recently, a further variant has been
reported, characterized by 6p25.3 rearrangement, as observed
in ALCL ALK− (see below). Clonally rearranged TCR genes are
detected in about 60% of lesions.

Primary cutaneous 𝛄𝛅 T-cell lymphoma

This tumour consists of a clonal proliferation of activated γδ
T cells with a cytotoxic phenotype. A possibly related condi-
tion may affect mucosal sites. Primary cutaneous γδ T-cell lym-
phoma is rare (1% of CTCLs) and more often observed in the
extremities of adults with no sex predilection. It may be pre-
dominantly epidermotropic with patches/plaques or may give
rise to deep dermal or subcutaneous tumours, with or without
epidermal necrosis and ulceration. Dissemination to mucosal
and other extranodal sites is frequent. HPSmay occur. ‘B’ symp-
toms are seen in most patients. The tumour cells characteris-
tically exhibit a βF1−CD3+CD2+CD5−CD7+/−CD56+ pheno-
type with strong expression of cytotoxic proteins. The cells
are strongly positive for TCR-δ with appropriate detection
methods. The cells show clonal rearrangement of the TCR-γ
and TCR-δ genes. TCR-β may be rearranged or deleted, but
is not expressed. Primary cutaneous γδ T-cell lymphoma is
resistant to multiagent chemotherapy and/or radiation and has
a poor prognosis, with a median survival of approximately
30 months.
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Peripheral T-cell lymphoma not otherwise
specified (see also Chapter 28)

Peripheral T-cell lymphoma not otherwise specified
(PTCL/NOS) is a heterogeneous group of tumours that
corresponds with none of the T-cell entities defined in the
WHO classification. It accounts for approximately 30% of
peripheral T-cell lymphomas in Western countries. Most
patients are adults, with a slight male predominance, and
show peripheral lymphadenopathy and ‘B’ symptoms. Gener-
alized disease is often encountered, with bone marrow, liver,
spleen and extranodal tissue involvement. Leukaemic spread
is uncommon. The cytological spectrum is extremely broad,
from highly polymorphous to monotonous. Clear cells and
Reed–Sternberg-like elements can be seen. An inflammatory
background is often present (Figure 31.23). The differential
diagnosis with angioimmunoblastic T-cell lymphoma (AITL)
and ALCL ALK− may at times be difficult. In fact, some
PTCLs/NOS share with AITL the relationship to FTH cells, as
shown by specific marker expression, as well as recurrent gene
mutations (see below). These cases, however, lack hyperplasia
of both follicular dendritic cells (FDCs) and high endothelial
venules (HEVs), typical of AITL. On the other hand, some
PTCL, NOS tumours almost exclusively consist of CD30+ ele-
ments, although they lack hallmark cells and cytotoxic profile.
PTCL/NOS usually displays an aberrant T-cell phenotype,
with frequent loss of CD5 and CD7. A CD4+CD8− profile
predominates in nodal cases. CD4+CD8+ or CD4−CD8− is
sometimes seen, as is CD8, CD56 and/or cytotoxic granule
expression. CD52 is absent in 60% of cases. Aberrant CD20
and/or CD79a expression is occasionally encountered. In half
of cases, 25–100% of lymphomatous elements carry CD30.
Proliferation is high and Ki-67 rates over 80% are associated
with poor outcome. TCR genes are clonally rearranged. Gene
and miRNA expression profiling studies have revealed signa-
tures distinct from those of other PTCLs. In addition, they
have recently allowed the identification of morphologically
unrecognizable subtypes, respectively related to FTH, TH1, TH2
and cytotoxic T-cells. Some of the deregulated genes might have
prognostic and/or therapeutic implications. EBV integration is
found in some cases. PTCL/NOS is highly aggressive with poor
response to therapy, frequent relapses and 5-year OS of 20–30%,
unless autologous bone-marrow transplantation is used in the
first line.

Angioimmunoblastic T-cell lymphoma

Angioimmunoblastic T-cell lymphoma (AITL) is character-
ized by a polymorphous infiltrate constantly involving lymph
nodes with prominent proliferation of HEVs and FDCs (Fig-
ure 31.24). Spleen, liver, skin and bone marrow are also fre-
quently affected. It occurs in middle-aged/elderly individuals of
both sex and accounts for approximately 15–20% of peripheral

(a)

(b)

Figure 31.23 Peripheral T-cell lymphoma not otherwise specified.
(a) The tumour consists of large cells with immunoblastic-like
appearance. (b) The proliferative rate as shown by Ki-67 marking is
very high.

T-cell lymphomas. Virtually all patients present with advanced-
stage disease, systemic symptoms, polyclonal hypergamma-
globulinaemia, circulating immune complexes, cold agglutinins
with haemolytic anaemia, positive rheumatoid factor and anti-
smooth-muscle antibodies. Skin rash is frequently observed.
Other common findings are pleural effusion, arthritis and
ascites. AITL is characterized by partial effacement of the lymph
node architecture with sparing of the peripheral cortical sinuses.
The neoplastic infiltrate is composed of small- to medium-
sized lymphocytes, with clear to pale cytoplasm and mild
cytological atypia. They often form small clusters around hyper-
plastic HEVs and FDCs, and are admixed with small reac-
tive lymphocytes, eosinophils, plasma cells and histiocytes. An
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(a) (b)

(d)(c)

(e)

Figure 31.24 Angioimmunoblastic T-cell lymphoma. (a) Low-power view: note the amount of high endothelial venules as well as the
cellular pleomorphism. (b) At higher magnification, neoplastic cells display irregular nuclear contours and a rim of clear cytoplasm.
(c) Hyperplasia of follicular dendritic cells recognized with CD21 staining. The tumour cells are positive for CD10 (d) and CXCL13 (e).
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expansion of EBV-positive B immunoblasts is usually present.
The neoplastic cells have the phenotype of FTH cells positive
for mature T-cell markers, i.e. CD4, CD10, CXCL13, PD1, SAP
and ICOS (Figure 31.24). TCR genes are clonally rearranged
in most cases. Clonal IGHV gene rearrangements are found
in about 25–30% of cases, and correlate with expanded EBV-
positive B cells. Gene expression profiling (GEP) studies pro-
vided evidence of the FTH cell correlation of the tumour and
proposed potential prognostic signatures. More recently, next
generation sequencing (NGS) has identified a series of aberra-
tions affecting the RHOA, TET2, IDH2, DNM3TA, FYN, and
ITK/SYK genes. Notably, theseGEP andWES findings have also
been encountered in tumours that are at present classified as
PTCL/NOS (see above); this questions whether or not a new cat-
egory of FTH-related should be envisaged. The clinical course is
aggressive with a median survival of less than 3 years. Patients
often succumb to infectious complications. Supervening large
B-cell lymphoma (often but not invariably EBV positive) can
occur.

Anaplastic large-cell lymphoma, ALK+

ALCLALK+ is characterized by large neoplastic cells with abun-
dant cytoplasm and kidney/horseshoe-shaped nuclei (so-called
hallmark cells), with a translocation involving theALK gene and
expression of both ALK protein and CD30. ALCL with simi-
larmorphology and phenotype, but lackingALK rearrangement
and ALK protein, is considered as a separate category (ALCL
ALK−). ALCL ALK+ shows a higher prevalence in the first three
decades of life and amale predominance, and frequently involves
both lymph nodes and extranodal sites. Most patients present
with stage III–IV disease and ‘B’ symptoms. The morphology
may be variable. The ‘common’ appearance (60% of cases) con-
sists of large tumour cells, frequently with hallmark appearance,
that tend to grow within the sinuses, resembling a metastatic
tumour (Figure 31.25). Some cases may have a lymphohisti-
ocytic pattern (10%) characterized by few tumour cells over-
whelmed by reactive histiocytes. A small-cell variant (5–10%)
has been recognized that seems to have a worse prognosis. Some

(a) (b)

(c)

Figure 31.25 Anaplastic large-cell lymphoma, ALK+. (a) Some hallmark cells can be easily seen. (b, c) Expression of CD30 (b) and ALK
protein (c) (alkaline phosphatase anti-alkaline phosphatase, Gill’s counterstain, ×500 and ×250, respectively).

596



Chapter 31 The classification of lymphomas: updating the WHO classification

(a) (b)

(c) (d)

(e)

Figure 31.26 Anaplastic large-cell lymphoma, ALK−. (a) The tumour consists of large cells partly showing hallmark appearance, and
strong positivity for CD30 (b), CD45 (c), CD3 (d) and granzyme B (e).

597



Postgraduate Haematology

(a) (b)

(c)

Figure 31.27 Nodular lymphocyte predominant (LP) Hodgkin lymphoma. (a) Typical LP cells within a milieu of small lymphocytes.
(b) The LP tumour cells are surrounded by rosettes of CD3+ T lymphocytes. (c) LP cells and most small lymphocytes express CD79a.

cases (3%) may mimic HL, but the cells are ALK positive and
CD15 negative. Relapses may reveal morphological features dif-
ferent from those seen initially. The tumour cells are CD30 posi-
tive. In caseswith t(2;5)/NPM–ALK translocation, ALK staining
is both cytoplasmic and nuclear. In cases with variant transloca-
tions, ALK staining may be membranous or cytoplasmic. Most
ALCL ALK+ are positive for EMA, express cytotoxic markers
and bear one or more T-cell antigens, although some may have
null phenotype. EBV is negative and theTCR gene is rearranged.
The most frequent genetic alteration is t(2;5)(p23;q35) involv-
ing the ALK and nucleophosmin (NPM) genes. Variant translo-
cations lead to fusion of the ALK gene with other partners on
chromosomes 1, 2, 3, 17, 19, 22 and X. All these aberrations
result in upregulation and different subcellular distribution of
ALK protein, but do not have clinical relevance. ALCL ALK+,
ALCL ALK− and PTCL/NOS have different chromosomal and
gene expression profiles. The IPI predicts the clinical outcome
and the 5-year OS is about 80%.

Anaplastic large-cell lymphoma, ALK−

In the new WHO Classification, ALCL ALK− is a pro-
visional entity that is morphologically and phenotypically

indistinguishable fromALCLALK+ (Figure 31.26). The tumour
affects adults, with a slight male predominance, involves lymph
nodes and, less frequently, extranodal sites. Most patients are
staged III–IV, with ‘B’ symptoms. Usually, the organ architec-
ture is effaced by solid cohesive sheets of neoplastic cells. In
the lymph node, the latter tend to diffuse through sinuses,
mimicking metastatic carcinoma. Most cases show clonal TCR
gene rearrangement and EBV is negative. The main differ-
ential diagnosis is with PTCL/NOS and classical HL. In this
regard, BSAP/PAX5 staining is useful: classical HL shows weak
positivity in most cases, a finding not observed in ALCL
ALK−. In contrast, the distinction between ALCL ALK− and
CD30+PTCL/NOS is not always easy on conventional grounds,
especially when no careful search for hallmark cells and cyto-
toxic markers is performed. Newly developed molecular tools
based on gene expression and miRNA profiling can assist in
this differential diagnosis, even when applied to formalin-fixed,
paraffin-embedded (FFPE) material. Such distinction may be
relevant. In fact, ALCL ALK−, although more aggressive than
ALCL ALK+ (5-year OS 49% versus 80%) has a more favourable
course than CD30+ PTCL/NOS (5-year OS 32% versus 49%).
In this respect, genomic studies have recently identified
lesions allowing the prognostic stratification of ALCLs ALK−
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(a) (b)

(c) (d)

Figure 31.28 Classical Hodgkin lymphoma. (a) Mixed cellularity type. (b) Nodular sclerosing type (H&E, ×100). (c, d) Neoplastic cells
positive for CD30 (c) and CD15 (d).

(e.g. 6p25.3 rearrangement or BLIMP1 gene loss confers an
indolent behaviour, while TP63 rearrangement orTP53 loss is
associated with high aggressiveness). Finally, yet importantly,
a special form of ALCL ALK−has recently been described in
patients who have received breast implants: if limited to the
periprosthesis capsule it can be cured by surgery.

Hodgkin lymphoma (see also
Chapter 32)

HL accounts for about 10% of lymphoid tumours. Irrespec-
tive of the histotype, HL is characterized by the following fea-
tures: (i) usual onset in the lymph nodes, preferentially cervical
ones; (ii) predilection for young adults and (iii) small number
of mononucleated and multinucleated tumour cells (Hodgkin
and Reed–Sternberg cells) within an exuberant inflammatory
milieu and often ringed by rosettes of T lymphocytes. Biological
and clinical studies have shown that HL comprises two disease
entities: nodular lymphocyte-predominant HL (NLPHL) and
classical HL.

Nodular lymphocyte-predominant Hodgkin
lymphoma

NLPHL is a monoclonal B-cell tumour characterized by a
nodular, or a nodular and diffuse, proliferation of scattered
large multilobated neoplastic cells, known as ‘popcorn’ or LP
cells (Figure 31.27). These reside in a follicular background
with large FDC networks filled with non-neoplastic lympho-
cytes and histiocytes. One-third of the cases diagnosed in the
past as NLPHL were lymphocyte-rich classical HL. It is cur-
rently unclear whether a diffuse NLPHL exists, its borders
with T-cell/histiocyte-rich large B-cell lymphoma not always
being sharp. NLPHL represents approximately 5% of HL cases.
Patients are predominantly males in the fourth decade of life.
LP cells are regularly positive for CD20, CD79a, EMA, BCL-6
and CD45. In contrast to Hodgkin and Reed–Sternberg cells of
classical HL, tumour cells are positive for PAX5, Oct-2, BOB.1
and immunoglobulin light and/or heavy chains but – with a few
exceptions – lack CD15, CD30 and EBV infection. The tumour
cells are ringed by FTH cells that are positive for CD3, CD4, PD-
1 and (to a lesser extent) CD57. LP cells show clonal IGHV gene
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rearrangement, with a high load of somatic mutations that may
be ongoing. Aberrant somatic hypermutations of PAX5, PIM1,
RhoH/TTF (now called RHOH) and MYC genes are recorded
in 80% of cases. NLPHL is an indolent disease with frequent
relapses that usually remains responsive to therapy. Advanced
stages have an unfavourable prognosis. Progression to large
B-cell lymphoma-like lesions is seen in 1–14% of cases.

Classical Hodgkin lymphoma

Classical Hodgkin lymphoma is a monoclonal lymphoid neo-
plasm (mostly derived from B-lymphocytes) composed of
Hodgkin and Reed–Sternberg cells (HRSCs) within a vari-
able mixture of reactive lymphocytes, eosinophils, neutrophils,
histiocytes, plasma cells, fibroblasts, and collagen fibres (Fig-
ure 31.28). Based on the microenvironmental composition, four
histological subtypes are distinguished: lymphocyte-rich, mixed
cellularity, lymphocyte-depleted and nodular sclerosis (char-
acterized by HRSC variants, known as ‘lacunar cells’). The
immunophenotype and genetic features of HRSCs are identi-
cal in these histological subtypes, whereas clinical features and
EBV association vary. Classical HL accounts for 95% of HLs,
with a bimodal age curve in resource-rich countries, show-
ing a peak at 15–35 years and a second peak in later life.
Classical HL most often involves cervical lymph nodes and in
approximately 60% of patients (usually with the nodular sclero-
sis subtype) causes a mediastinal mass. HRSCs typically repre-
sent 0.1–10% of the cellular infiltrate and are CD30 and CD15
positive in nearly all and most cases, respectively. In 30–40%
of cases, CD20 may be detected, usually of varied intensity
and in a minority of HRSCs. The B-cell nature of neoplastic
cells is sustained in about 95% of cases by their expression of
BSAP/PAX5, though weaker than that of reactive B cells. EBV-
positive HRSCs show a latency II pattern (LMP1+, EBNA-2−).
Characteristically, the transcription factors Oct-2 and BOB.1
are absent in about 90% of cases, while PU.1 is consistently
absent. RSCs contain clonal IGHV gene rearrangements inmore
than 98% of cases, and clonal TCR gene rearrangements in rare
instances. The rearranged IGHV genes harbour a high load of
somatic hypermutations, usually not ongoing. GEP has recently
produced some interesting data from both microdissected
neoplastic cells and FFPE tissue samples, which may be of
value in risk-class prediction. In this respect, the determination
of microenvironmental components expressing CD68, CD163,

and FoxP3may assist in better defining the prognosis of patients
with classical HL.
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32Hodgkin lymphoma
Piers Blombery and David Linch
UCL Cancer Institute, School of Life and Medical Sciences, University College London, London, UK

Introduction

Hodgkin lymphoma (HL) is a clinicopathologically unique,
aggressive B-cell lymphoma, which is one of the most curable of
all haematologicalmalignancies. The excellent outcomes that are
seen in HL represent the culmination of over 50 years of refin-
ing the combination ofmultiagent chemotherapy and radiother-
apy. The evolution of the management of HL has resulted in
new paradigms for combined modality therapy, demonstrated
the advantages of risk-adapted treatment and has significantly
advanced our understanding of the late-effects of chemoradio-
therapy. Despite its relative rarity (approximately 20–30 new
cases per million people in the United Kingdom per year),
numerous randomized controlled trials in HL have been con-
ducted, which have provided a large and robust evidence base to
inform treatment decisions.
Despite these advances and the overall excellent outcomes,

there are still subgroups of patients whose prognosis remains
suboptimal (including the elderly and those with relapsed dis-
ease). Moreover, many aspects of the pathobiology of HL still
remain unclear. This chapter will discuss the clinicopathological
features, investigational approach and both current and future
treatment strategies in patients with HL.

Pathological features

Classification

HL is classified into two broad groups according to the cur-
rent World Health Organisation Classification of Tumours
of Haematopoietic and Lymphoid Tissues (2008); classical

HL (cHL) and nodular lymphocyte-predominant HL (NLPHL).
Classical HL accounts for the vast majority of cases of HL
(95%) compared to NLPHL. Despite being categorized together
within the WHO (2008) classification, these two malignancies
are fundamentally different with regard to pathogenesis, prog-
nosis, clinical features and management. NLPHL is best consid-
ered separately, and within the same investigation and treatment
paradigm as the low-grade B-cell lymphoproliferative disorders.
The majority of this chapter focuses on cHL with NLPHL dis-
cussed as a separate entity further in Table 32.1.
There are four major histological subtypes of cHL; nodular

sclerosis, lymphocyte-rich, lymphocyte-depleted and mixed-
cellularity (see Histological features). Whilst the four histolog-
ical subtypes have different epidemiological/aetiological impli-
cations and are associatedwith slightly different clinical features,
the management approach for each type does not differ and
therefore the distinction is currently not of major therapeutic
relevance.

Pathogenesis

Cell of origin
The malignant lymphocyte in cHL is known as the Hodgkin
and Reed–Sternberg (HRS) cell. Whilst the exact cell of ori-
gin of the HRS cell was the subject of research and dispute
for many years, the demonstration of clonal rearrangements of
the immunoglobulin heavy- and light-chain loci has confirmed
their B-cell origin. Furthermore, the presence of somatic hyper-
mutation within the immunoglobulin heavy and light chain loci
suggest that HRS cells are derived fromB-lymphocytes with ger-
minal centre exposure. Despite their B-cell ontogenesis, HRS
cells have lost most of the normal B-cell lineage gene expres-
sion program (including the expression of immunoglobulin)
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Table 32.1 Nodular lymphocyte predominant Hodgkin lymphoma (NLPHL).

Clinical features
Male predominance. Patients typically presents with chronic asymptomatic peripheral lymphadenopathy. Majority present as early
stage (stage I-II) disease. B-symptoms are rare. May transform to diffuse large B-cell lymphoma (DLBCL).

Lymph nodes in NLPHL may not be as reliably FDG-avid on PET scan.
Pathology
Lymph node involvement by neoplastic cells known as lymphocyte-predominant (“LP”) cells which are large with folded nuclei and
multiple nucleoli (also known as “popcorn” cells) in a nodular background consisting of expanded follicular dendritic cell
meshworks and small B-lymphocytes.

LP cells are CD20+, CD45+, Oct-2+, BOB.1+, CD30− and CD15−.

Treatment – early stage (I–II)
Radiotherapy alone is associated with excellent outcomes.
Observation may be considered after complete surgical excision of single node.
Combined modality therapy (chemoradiotherapy) is often used in those with B-symptoms or risk factors for poorer outcomes
(see further on).

Treatment – advanced stage (III–IV)
Chemotherapy with a variety of regimens is used including “cHL-type” (e.g. ABVD) as well as “NHL-type” (e.g. CVP/CHOP).
Rituximab is usually incorporated into these regimens (due to CD20 expression on tumour cells and its observed activity as a
single-agent) however the exact benefit remains uncertain.

Prognosis
Excellent outcomes in both early and advanced stage disease (similar to cHL) are seen. Risk factors for poorer outcomes include
advanced age, higher stage, anaemia and lymphopenia.

Continued observation is necessary due to late relapses and large-cell transformation (typically to T-cell/histiocyte-rich large B-cell
lymphoma).

through numerous aberrant genetic mechanisms, such as epi-
genetic silencing at B-cell gene promoter regions.

Molecular pathogenesis
Genes involved in normal B-lymphocyte growth and differen-
tiation are suppressed in HRS cells. Instead, numerous aber-
rant intracellular signalling pathways contribute to the malig-
nant phenotype of HRS cells including the following:
� HRS cells show constitutive activation of the NF-κB pathway,
which is associated with apoptosis resistance. The basis for con-
stitutive NF-κB activation in at least a proportion of cases is
the result of inactivating mutations in TNFAIP3 and NFKBIA,
which encode inhibitors of the NF-κB pathway. Other mecha-
nisms of NF-κB over-activity include genomic amplification of
REL, expression and stimulation of CD40 by HRS cells and EBV
infection ofHRS cells (resulting in LMP-1 expression, which can
mimic activation of CD40).
� The JAK-STAT signalling pathway is overactive in HRS cells,
resulting in uncontrolled growth and proliferation. Mecha-
nisms of JAK-STAT over-activity include chromosomal gains at
9p24.1-24.3 (which includes the JAK2 locus) and inactivating
mutations in PTPN1 (leading to increased phosphorylation of
JAK-STAT pathway members).
� HRS cells have been shown to have deacetylated histones
(H3), increased H3K27 trimethylation and DNA methylation

patterns, leading to silencing of tumour-suppressor genes and
the extinction of the normal B-lymphocyte expression profile.
� High-throughput sequencing studies have detected delete-
rious mutations in β2M which could potentially contribute
to immune evasion by HRS cells through decreased β2M
expression.

Microenvironment
The HRS cells have a complex and symbiotic relationship
with the tumour microenvironment. Numerous cytokines and
chemokines are produced by HRS cells, which attract a range of
immune cells including T-lymphocytes (predominantly CD4+
(TH2 and Treg)), macrophages, plasma cells and eosinophils.
The cytokines and chemokines produced by HRS cells induce
the surrounding inflammatory milieu to produce their own
cytokines, leading to propagation of themicroenvironment. The
immune cells within the microenvironment in turn provide sig-
nalling to the HRS cells via surface receptors that activate intra-
cellular pathways, including NF-κB, which contribute to the
malignant phenotype of the HRS cells.

Role of EBV
EBV can be detected in HRS cells in a variable proportion of
cases of HL, depending on age, sex, race and histological sub-
type. HRS cells that have destructive or ‘crippling’ immunoglob-
ulin loci rearrangements are almost always EBV positive. This
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likely represents a mechanism by which the HRS cell bypasses
the need for a functional B-cell receptor by using EBV-encoded
proteins. EBV infection and expression of latent EBV-associated
proteins (LMP1) is also associated with activation of NF-κB as
well as JAK/STAT pathways.

Histological features

An accurate histological diagnosis of cHL is made by recogniz-
ing the morphological and immunophenotypic characteristics
of the HRS cell within the appropriate cellular background. Sys-
tematic immunohistochemical evaluation of both the tumour
cell compartment (HRS cells and its variants) and the associated
cellular background is important to accurately distinguish cHL
from the main competing differential diagnoses; diffuse large
B-cell lymphoma (DLBCL) (in particular T-cell/histiocyte-
rich diffuse large B-cell lymphoma and primary mediastinal
B-cell lymphoma), anaplastic large-cell lymphoma (ALCL)
and peripheral T-cell lymphoma not otherwise specified
(PTCL-NOS).

HRS cells
Classic HRS cells are very large (20–50 μm) and can either
have one nucleus or be multinucleate. HRS nuclei typically con-
tain large, eosinophilic, inclusion-like nucleoli (Figures 32.1 and
32.2). The classic ‘owl’s eye’ appearance describes a binucleate
HRS cell with two mirror-image nuclei containing eosinophillic
nucleoli and a thick nuclear membrane. In addition to the clas-
sic HRS cell, other HRS cell variants may also be seen, includ-
ing mononuclear forms (Hodgkin (‘H’) cells), lacunar HRS cells
(particularly in the nodular sclerosis (NS) subtype) andmummi-
fied HRS cells. In most histological subtypes the HRS cells make

Figure 32.1 Classical Hodgkin lymphoma with numerous
multinucleate Hodgkin Reed–Sternberg cells with prominent
nucleoli.

Figure 32.2 High-power view of Hodgkin Reed–Sternberg cells.

up only a small proportion of the cellularity of the tumour (typ-
ically 1% or less). High levels of circulating tumour DNA can
be detected in most patients with Hodgkin lymphoma at diag-
nosis and this suggests that there is a much higher proliferation
rate of tumour cells than previously appreciated, with a very high
rate of apoptosis accounting for the relative scarcity ofmalignant
Hodgkin cells seen histopathologically.
The immunohistochemical hallmark of the HRS cell is posi-

tive membrane staining for CD30 (with a paranuclear focus of
staining within the Golgi) (Figure 32.3) and CD15. Due to the
disruption of the normal B-cell gene expression program me,

Figure 32.3 CD30 immunohistochemistry of classical Hodgkin
lymphoma showing membrane and Golgi apparatus staining of the
Hodgkin Reed–Sternberg cells.
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HRS cells show different immunohistochemical staining char-
acteristics to both normal B-lymphocytes and malignant
B-lymphocytes of other B-lymphoproliferative disorders. There-
fore, whilstHRS cells usually stain strongly forMUM1 they show
weak expression of the master B-cell transcription factor PAX5.
CD20may be positive in approximately 20–50%of cases, but this
is usually patchy and weak (as opposed to the strong uniform
staining seen in the malignant B-cells of T-cell/histiocyte-rich
DLBCL). CD45 expression is negative inHRS cells; however, due
to the surrounding CD45-positive haemopoietic compartment,
this feature can sometimes be difficult to appreciate.

Associated histological features
The associated cellular milieu seen in cHL is an important histo-
logical feature that helps to confirm the diagnosis of cHL (as well
as differentiating the histological subtypes). The non-malignant
associated cellular component differs depending on the histo-
logical subtype as follows:
� Nodular sclerosis (NS) (approx. 70–75% of cases) – the NS
subtype is characterized by fibrous bands arising from a thick-
ened capsule that run throughout the node and compartmen-
talize the tumour into nodules (Figure 32.4). Lacunar HRS cells
are typical of the NS subtype and are present within a heteroge-
nous cellular background that consists predominantly of CD4+
T-lymphocytes, but also includes histiocytes, eosinophils,
plasma cells and neutrophils (Figure 32.5).
� Mixed cellularity (MC) (approx. 20–25% of cases) – this sub-
type is named after the heterogenous inflammatory infiltrate
that surrounds the HRS cells, consisting of lymphocytes, plasma
cells, epithelioid histiocytes and eosinophils. Whilst there may
be interstitial fibrosis in the MC subtype, broad bands of com-
partmentalizing fibrosis are not present. The majority of MC
cases are EBV positive.

Figure 32.4 Low-power view of lymph node from patient with
nodular sclerosis subtype classical Hodgkin lymphoma showing
broad bands of fibrosis and thickened capsule.

Figure 32.5 Nodular sclerosis classical Hodgkin lymphoma
showing two lacunar HRS cells.

� Lymphocyte-rich (LR) (approx 5% of cases) – compared to
the T-cell-predominant lymphocytic infiltrate in NS and MC
cHL, this subtype contains a cellular background containing
both B and T lymphocytes. In addition there is usually a rela-
tive paucity of neutrophils and eosinophils. This form is distin-
guished fromNLPHLby the presence of typicalHRS cells, which
show membrane staining for CD30 and CD15 (which are not
seen in NLPHL) (see Table 32.1).
� Lymphocyte-depleted (LD) (<1% of cases) – true LD cHL is a
very rare entity that histologicallymay be characterized by either
large numbers of HRS cells or rare HRS cells in a densely fibrotic
background stroma. The LD histological subtype was reported
to be associated with a poorer prognosis; however, many cases
were probably misclassified and included cases of ALCL.

Clinical features

Presentation

Clinically, cHL usually presents as the result of one (or more) of
three main mechanisms:
1 Enlarging lymphadenopathy – lymphadenopathy in cHL
is typically painless. The rate of enlargement reported by
the patient is variable, but it is not usually rapid; rather a
slow progressive growth over months is more common. The
most frequent site of lymphadenopathy is in the cervical and
supraclavicular nodal regions, with isolated infradiaphragmatic
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Table 32.2 Ann Arbor staging system with Cotswolds modifications.

Ann Arbor stage Criteria

Stage I Involvement of a single lymph node region (see Figure 32.6) or lymphoid structure∗

Stage II Involvement of two or more lymph node regions or lymph node structures on the same side of the
diaphragm

Stage III Involvement of lymph node regions or lymphoid structures on both sides of the diaphragm
Stage IV Diffuse or disseminated involvement of one or more extralymphatic organs or tissues with or without

associated lymph node enlargement. Involvement of liver and bone marrow always considered stage IV

Additional classifiers
B Presence of B symptoms defined as

� Unexplained weight loss of more than 10% of the body weight during the 6 months before initial staging
investigation
� Unexplained, persistent, or recurrent fever with temperatures above 38 ◦C during the previous month
� Recurrent drenching night sweats during the previous month

E Limited extranodal extension from adjacent nodal site or apparent discrete single extranodal deposit
(excluding liver and bone marrow)

X A node or nodal mass greater than 10 cm (by largest dimensions of a single node or conglomerate nodal
mass). Maximum width is equal to or greater than one-third of the internal transverse diameter of the
thorax at the level of T5/6 on chest X-ray.

∗e.g. spleen, thymus, Waldeyer’s ring.

presentations being significantly more rare. On examination,
nodes involved by HL are firm, mobile and non-tender.
2 Complications of lymphadenopathy – compression of vital
structures may occur as the result of pathologically enlarged
lymph nodes or lymph node masses. A typical presentation is
from complications related to a mediastinal lymph node mass.
These may present with a spectrum of symptoms from mild
chest pain and cough to overt superior vena cava obstruction
with headaches, facial suffusion, positive Pemberton’s sign and
engorged neck veins. Other complications of lymphadenopathy
include abnormal LFTs and jaundice from obstruction of the bil-
iary tree by porta hepatis lymphadenopathy.
3 Systemic symptoms – cHL is a highly inflammatory tumour
and may be associated with numerous systemic symptoms. The
systemic ‘B’ symptoms that are important to elicit on history
due to their implications for Ann Arbor stage (Table 32.2) are
loss of weight, fever and drenching night sweats. Other symp-
toms (which are not considered B symptoms according to the
Ann Arbor staging system) that may be present include itch
and alcohol-induced lymph node pain. Other very rare sys-
temic associations include vanishing bile duct syndrome and
paraneoplastic cerebellar degeneration.

Investigation

As outlined above, cHL is diagnosed by the morphological
recognition of the HRS cell within the appropriate cellular
background. The optimal tissue for diagnosis of cHL (and

indeed almost all subtypes of lymphoma) is a complete lymph
node taken as an excisional lymph node biopsy. There is an
increasing tendency to perform core biopsies on lymph nodes
for the investigation of lymphoma and whilst these are sufficient
to make a diagnosis in some cases, there is a significant risk of
either a false-negative biopsy due to sampling of the reactive
component, or a potentially misleading or inadequate sampling
of the tumour compartment leading to an incorrect diagnosis.
Fine needle aspirates are never acceptable for the diagnosis
of cHL and should not be performed if cHL is the suspected
diagnosis.
Radiological investigations and bone marrow biopsy are per-

formed to determine the extent of disease in order to define
the Ann Arbor stage (see Staging and risk stratification). In
addition, other investigations that are performed in the diag-
nostic work-up of patients with cHL (and suspected cHL)
include:
� Full blood count – typical findings include mild anaemia,
lymphopenia and mild microcytosis (rare)
� Renal and liver function tests – usually performed as a base-
line before chemotherapy and as a screen for hepatic dysfunction
as a result of cHL
� HIV serology – the incidence of cHL is increased in patients
with HIV
� Echocardiogram/nuclear medicine assessment of cardiac
function – treatment of cHL usually involves treatment with
anthracycline containing chemotherapy and therefore consider-
ation of cardiac function is important (see Late effects).
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Staging and risk stratification

Ann Arbor staging

The staging system that is used in patients with HL is the Ann
Arbor staging system (Table 32.2, Figure 32.6). Despite origi-
nally being described over 40 years ago, accurate staging using
the Ann Arbor staging system (as well as integration of clini-
cal risk factors) is still relevant to contemporary practice and is
central to directingmanagement strategies in patients with cHL.
Staging via the AnnArbor classification involves a thorough his-
tory to detect presence of B-symptoms (Table 32.3), examination
of affected lymph node groups and radiological investigations
(+/– bone marrow biopsy) to accurately determine the extent of
nodal and extranodal involvement.
The most sensitive method for detecting the involvement

of a nodal or extranodal structure by cHL is by ‘functional’
imaging with 18F-FDG-PET scan with a correlative ‘structural’
computed tomography (CT) scan. cHL is highly FDG-avid
and pathologically involved nodes (and extranodal sites) are
able to be detected on PET scan that would not be detected
using conventional modalities (i.e. CT alone) (Figure 32.7).
Up to 15% of patients will be ‘up-staged’ using PET (when

Table 32.3 Outcomes in patients with advanced-stage Hodgkin
lymphoma using the International Prognostic Score (patients
treated in modern era with ABVD or ABVD-like regimen).

International
prognostic score 5 year FFP 5 year OS

0 88% 98%
1 84% 97%
2 80% 91%
3 74% 88%
4 67% 85%
≥5 62% 67%

Score one point for each of albumin <4 g/dL, haemoglobin <105 g/L,
male sex, age ≥45 years, stage IV disease, leucocytosis (≥15 × 109/L),
lymphopenia (<8% of WCC and/or <0.6 × 109/L).

compared to CT alone) to a higher stage of disease with poten-
tially significant implications for frontline treatment. Baseline
PET scanning in patients with HL is now considered standard
of care.
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Figure 32.7 PET scan images of patient with stage III Hodgkin lymphoma showing FDG-avid cervical, mediastinal, mesenteric and
retroperitoneal lymphadenopathy.

PET scans are also useful in the follow-up of patients. PET
scan assessment at the end of treatment has been adopted in the
Revised Response Criteria for Malignant Lymphoma (2007).
In these criteria a complete remission can still be assigned to
the patient with a mass of any size, as long as it is PET negative.
Negative end-of-treatment PET scans have a 94% negative pre-
dictive value for progression or early relapse in advanced-stage
disease.
PET scan is a sensitive modality for detecting bone marrow

involvement in patients with HL. In addition, the incidence of
bone marrow involvement in patients with early-stage (stages
I and II) disease determined by PET is low (<1%). Therefore,
routine bone marrow biopsy in patients with early stage disease
without evidence of marrow involvement on PET is a low-yield
investigation. However, some centres still perform bonemarrow
biopsy in these cases due to the significant implications if bone
marrow involvement is identified (e.g. change from stage I or II
disease to stage IV).
Based on the Ann Arbor stage, patients are usually divided

into either early-stage HL (ESHL) or advanced-stage HL
(ASHL).

Early-stage Hodgkin lymphoma
ESHL broadly refers to AnnArbor stage I or II disease. The pres-
ence of B symptoms does not preclude the designation of early-
stage disease; however, some large trials in ESHL which inform
practice have excluded patients with B symptoms. Stage IIB dis-
ease (especially those patients with clinical risk factors) is con-
sidered to be a borderline entity andmany groups treat stage IIB
as advanced-stage disease.

Advanced-stage Hodgkin lymphoma
ASHL refers to any patient with Ann Arbor stage III or IV dis-
ease. In addition to stage III and IV disease, many prospective
trials in advanced-stage disease have included patients with ear-
lier Ann Arbor stages of disease if they have high-risk features
(e.g. a large mediastinal mass or B symptoms). The rationale for
including these earlier-stage patients in the same trials as those
with stage III and IV disease is that both groups of patients share
a common high risk of disseminated systemic disease and there-
fore a reliance on systemically directed therapy (i.e. chemother-
apy) for disease cure.
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Risk stratification

Central to the treatment decisions in cHL are the competing
risks of: (i) treatment minimization in order to reduce the risk
of acute and chronic treatment-related morbidity and mortal-
ity, but leading to an increased incidence of disease recurrence,
versus (ii) treatment intensification leading to superior disease
control but an increased short and long-term treatment related
morbidity and mortality.
The general approach in both early-stage cHL (ESHL) and

advanced-stage cHL (ASHL) is an attempt to de-intensify
treatment in patients who can be defined as being at low risk
of disease recurrence and to intensify treatment in patients who
can be identified as being at a high risk of disease recurrence.
The identification of low and high risk patients is different for
ESHL and ASHL.

Early-stage Hodgkin lymphoma
ESHL can be divided into favourable and unfavourable sub-
groups based on the presence of various risk factors (e.g. large
mediastinal mass [≥ 1/3 transthoracic diameter], extranodal
disease, ≥ 3 involved nodal areas or elevated erythrocyte sed-
imentation rate). This distinction has been made in many of
the large prospective randomized trials that guide practice in
ESHL. Importantly, the criteria used to define favourable and
unfavourable are not standardized between groups, and whilst
the criteria are similar, there are important differences.

Advanced-stage Hodgkin lymphoma
The international prognostic score (IPS) is the most commonly
used method to determine upfront risk in ASHL. This risk
score was determined after study of a large international cohort
of patients with ASHL (mostly with ABVD-like chemother-
apy). Seven factors were identified that predicted outcome
(Table 32.3). A common way to divide patients is to include
those with an IPS of 0, 1 or 2 as ‘low-risk’ and IPS 3–7 as
‘high-risk’.
Of note, both of these risk stratifications are assessed on

baseline features of disease. A strategy that is currently under
evaluation is the assessment of risk based on the early response
to therapy (e.g. appearance on PET scan after two cycles of
chemotherapy) (see Risk-adapted frontline therapy).

Management

There are three main groups of therapeutic modalities used to
treat cHL: conventional chemotherapeutic agents, radiotherapy
and novel agents.

Conventional chemotherapy regimens

cHL is a chemosensitive malignancy. Chemotherapy regimens
used in upfront treatment usually contain an alkylating agent

(e.g. dacarbazine or procarbazine) and an anthracycline (e.g.
adriamycin). The two most commonly used chemotherapy reg-
imens used for upfront treatment of cHL are ABVD (adri-
amycin, bleomycin, vinblastine and darcarbazine), and themore
intense escalated BEACOPP regimen (bleomycin, etoposide,
adriamycin, cyclophosphamide, vincristine, procarbazine and
prednisolone). Other chemotherapy regimens such as COPP
and ChlVPP (chlorambucil, vinblastine, procarbazine, pred-
nisolone) are sometimes used in frail patients and also are of
value in the palliative setting. The classic MOPP regimen (con-
taining the nitrogen mustard mechlorethamine) is infrequently
used due to unacceptable gonadal toxicity and risk of secondary
myeloid malignancy.

Radiotherapy

Radiotherapy is a highly effective modality for the treatment
of cHL. Indeed, radiotherapy alone used to be the basis (in
the 1960s) of curative therapy for cHL. The introduction of
effective chemotherapy regimens such as ABVD have meant
that both field sizes and radiotherapy doses have been able to
be significantly decreased without a compromise in disease
outcomes. Older style radiotherapy fields (e.g. the mantle field),
which encompassed large numbers of nodes, as well as normal
tissue, are rarely used nowadays. Instead, involved field radio-
therapy (IFRT) and, more typically, involved node radiotherapy
(INRT) are now used, resulting in a dramatically lower volume
of normal tissue irradiated compared to the more extensive
historical fields. In addition, there have been improvements in
staging techniques with more accurate radiological delineation
of involved sites, more effective chemotherapy and other
improvements in radiotherapy techniques (including shielding
and advances in planning technology).

Novel agents

One of the singlemost effective new anti-HL therapies to emerge
is brentuximab vedotin (BV). BV is an antibody–drug conju-
gate, which consists of an anti-CD30 antibody conjugated to
an antimicrotubule agent (monomethyl auristatin E (MMAE)).
The specificity of the anti-CD30 antibody is used to guide
the cytotoxin (MMAE) to the HRS cells, where binding of
the anti-CD30 antibody–drug conjugate is followed by receptor
mediated endocytosis and delivery of the cytotoxic agent upon
hydrolysis of the linker molecule by lysosomal enzymes. Anti-
CD30 antibodies that were not linked to cytotoxic agents had
been investigated previously, but were found to not be effec-
tive. Other agents that have shown promise in cHL include the
immunomodulatory drug lenalidomide, the histone deacety-
lase inhibitors (e.g. panobinostat) and the anti-PD-1 antibody
nivolumab.
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Conventional frontline treatment

Early-stage favourable

One of the largest prospective trials using contemporary radio-
therapy techniques and chemotherapy regimens in patients with
ESHL was the HD10 trial performed by the German Hodgkin
StudyGroup (GHSG). In this trial, 1370 patients with favourable
ESHL were randomized to either two or four cycles of ABVD,
followed by either 20 Gy or 30 Gy of involved field radiotherapy
(IFRT). No difference in freedom from treatment failure (FFTF)
or OS between any of the arms was observed, and therefore
2 × ABVD and 20 Gy IFRT was concluded to be the optimal
treatment from this trial.
The HD.6 trial performed by the NCIC Clinical Trials

Group and the Eastern Cooperative Oncology Group (ECOG)

randomized patients to eitherABVDalone (for four to six cycles,
depending on CT scan response) or subtotal nodal irradiation
(an extensive field size, which is no longer used for early stage
disease) +/– ABVD. Patients with a favourable risk profile that
were treated with ABVD alone had similar disease control and
overall survival outcomes to those treated in the HD10 trial
(Table 32.4).
Based on these data, 2 × ABVD with 20 Gy IFRT should be

considered the current standard treatment of favourable ESHL.
ABVD alone for four to six cycles remains an option.
Given the excellent results of two cycles of ABVD + IFRT in

favourable ESHL, theGHSGHD13 trial was performed to deter-
mine whether chemotherapy could be further reduced with-
out an unacceptable loss of tumour control. HD13 evaluated
removing either dacarbazine (ABV), bleomycin (AVD) or both
(AV) from ABVD. In each arm, chemotherapy was followed

Table 32.4 Outcomes of selected trials in early-stage and advanced-stage Hodgkin lymphoma.

Trial Treatment Disease control outcome Overall survival

Early stage
Favourable
GHSG HD10 ABVD × 2 + IFRT 20Gy 8-year FFTF 85.9% 8-year OS 95.1%
NCIC HD.6
(chemotherapy only arm)

ABVD × 4 − 6 12-year FFDP 89% 12-year OS 98%

GHSG HD13 ABVD × 2 + IFRT30Gy 5-year FFTF 93.1% 5-year OS 97.6%
GHSG HD13 AVD × 2 + IFRT 30Gy 5-year FFTF 89.2% 5-year OS 97.6%

Unfavourable
GHSG HD11 ABVD × 4 + IFRT 30Gy 5-year FFTF 85.3% 5-year OS 94.3%
GHSG HD14 ABVD × 4 + IFRT 30Gy 5-year FFTF 87.7% 5-year OS 96.8%

BEACOPP(esc) × 2 +
ABVD × 2 + IFRT 30Gy

5-year FFTF 94.8% 5-year OS 97.2%

NCIC HD.6
(chemotherapy only arm)

ABVD × 4 − 6 12-year FFDP 86% 12-year OS 92%

Advanced stage
Outcomes regardless of IPS (0–7)
GHSG HD15 BEACOPP(esc) × 6 5-year PFS 90.3% 5-year OS 95.3%

BEACOPP(esc) × 8 5-year PFS 85.6% 5-year OS 91.9%
HD2000 BEACOPP(esc) × 4,

BEACOPP (baseline) × 2
5-year PFS 81% 5-year OS 92%

ABVD × 6 5-year PFS 68% 5-year OS 84%

‘Low-risk’ – IPS (0–2)
H34 BEACOPP(esc) × 4,

BEACOPP (baseline) × 4
5-year PFS 93% 5-year OS 99%

ABVD × 8 5-year PFS 75% 5-year OS 92%
E2496 ABVD × 6 − 8 5-year FFS 77% 5-year OS 91%

‘High-risk’ – IPS (3–7)
EORTC 20012 BEACOPP(esc) × 4,

BEACOPP (baseline) × 4
4-year PFS 83.4% 4-year OS 90.3%

ABVD × 8 4-year PFS 72.8% 4-year OS 86.7%
E2496 ABVD × 6–8 5-year FFS 67% 5-year OS 84%
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by 30 Gy IFRT. This trial showed that ABVD provided supe-
rior disease control when compared to AV, AVD or ABV. How-
ever, the gain in disease control from the addition of bleomycin
(i.e. AVD versus ABVD) was modest (approximately 4% in 5-
year FFTF) and not associated with any difference in overall
survival.
Another potential strategy forminimizing chemotherapy tox-

icity in early-stage HL is to include novel agents in the place
of conventional cytotoxic agents (e.g. brentuximab, vedotin,
lenalidomide). As discussed below, this is a particularly attrac-
tive strategy in the elderly, where the morbidity and mortality
from ABVD is substantial.

Early-stage unfavourable

In patients with unfavourable ESHL, the GHSG HD11 trial
randomized 1395 patients to either 4 × ABVD + 30 Gy IFRT,
4 × ABVD + 20 Gy IFRT, 4 × BEACOPP (baseline doses)
+ 30 Gy IFRT and 4 × BEACOPP (baseline doses) + 20 Gy
IFRT. This trial showed both a loss of tumour control in the
4 × ABVD + 20 Gy IFRT and no net benefit of using the more
intense BEACOPP chemotherapy regimen. The 5-year FFTF in
the 4 × ABVD and IFRT 30 Gy was 85.3% (5-year overall sur-
vival 94.3%). A similar finding was observed when 4 ×ABVD+
30 Gy IFRT was compared to two cycles of escalated
BEACOPP, followed by two cycles of ABVD + 30 Gy IFRT in
HD14. Similarly again, patients with unfavourable early-stage
disease treated with ABVD (four to six cycles) alone from the
HD.6 trial had a 12-year freedom from progression of 86% and
an OS of 92%.
Overall, it is generally regarded that 4 × ABVD + 30 Gy

IFRT represents the best balance between efficacy and toxicity
for unfavourable ESHL. Despite superior disease control, esca-
lated BEACOPP is associated with excessive toxicity and is not
typically used in unfavourable ESHL. ABVD alone (four to six
cycles) appears to give comparable disease control and overall
survival; however, there are less data supporting this approach.

Advanced-stage disease

Multiple prospective studies have shown that escalated BEA-
COPP results in better disease control than ABVD in the
frontline treatment of advanced-stage cHL. Variation of the
scheduling, doses and number of cycles of BEACOPP in these
trials has resulted in six cycles of escalated BEACOPP being
defined as the optimal balance between efficacy and toxicity.
Despite superior disease control, the overall survival benefit of
escalated BEACOPP over ABVD is controversial and has not yet
been directly demonstrated. The observed superior disease con-
trol without benefit in overall survival is due to two reasons:
1 Escalated BEACOPP is associated with significantly higher
haematological toxicity and secondary myeloid malignancy

when compared to ABVD (see Late effects) and this may result
in higher treatment-related mortality.
2 cHL is a highly salvageable malignancy. Therefore, despite
the lower complete remission rates upfront with ABVD, a sig-
nificant proportion of patients can still achieve long-term sur-
vival and cure with salvage chemotherapy and autologous stem-
cell transplantation (see Relapsed/refractory disease). However,
this treatment pathway then assumes a similar toxicity profile to
treatment with escalated BEACOPP up front, but with the addi-
tional risk of non-response to salvage therapy.
Due to these competing factors, ABVD and escalated BEA-

COPP are both still used in the frontline setting, and despite
numerous prospective trials involving thousands of patients,
the optimal frontline treatment of advanced-stage cHL remains
an issue of considerable controversy. Some authorities recom-
mended limiting escalated BEACOPP to those patients with the
poorest prognosis, as defined by the international prognostic
score, but the long-term follow-up of the GHSG HD9 trial indi-
cated that the benefit of escalated BEACOPP was similar in all
risk groups.
Brentuximab vedotin has been combined with ABVD

(ABVD-BV) and AVD (AVD-BV) up front in advanced-stage
cHL, with encouraging preliminary efficacy. In a Phase I
study of 51 patients in advanced-stage cHL, all patients were
PET negative after two cycles of ABVD-BV (92% after two
cycles of AVD-BV) and the CR rate at the end of treat-
ment was 95%. In contrast, the expected CR rate for ABVD
in advanced-stage patients, based on the literature to date, is
approximately 80%. Themain adverse effects observed included
an approximately 80% incidence of grade III–IV neutrope-
nia and an approximately 70% incidence of grade I–II sen-
sory peripheral neuropathy. Importantly, pulmonary toxicity
was observed in approximately 40% of the ABVD-BV patients.
Therefore, the use of bleomycin with BV should be avoided.
This approach is being further evaluated in a large prospective
Phase III trial of AVD-BV versus ABVD.

Risk-adapted frontline treatment

In addition to stratifying therapy based on early- or advanced-
stage disease and the presence or absence of baseline risk factors,
patients may also be stratified by their early response to therapy.
This was based on observations that patients with residual dis-
ease present on PET scan after two cycles of therapy had a signif-
icantly worse prognosis than those with no evidence of disease
on PET.

Early-stage disease

The general approach of risk-adapted therapy in ESHL so far
has been with PET scanning after initial chemotherapy (i.e. two
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Table 32.5 Deauville score for the standardized reporting of PET
scans in lymphoma.

Deauville Score 1 No uptake
Deauville Score 2 Uptake less than mediastinum
Deauville Score 3 Uptake greater than mediastinum, but

less than liver
Deauville Score 4 Uptake greater than liver
Deauville Score 5 Uptake greater than liver and new sites

of disease
Deauville Score X New areas of uptake unlikely to be

lymphoma

to three cycles of ABVD), which then guides the use of further
cycles of chemotherapy and/or radiotherapy. The aim of this
strategy is to offer escalated therapy to those patients with sub-
optimal initial disease response, whilst sparing those patients
with good early disease control potentially unnecessary fur-
ther treatment/toxicity. One approach being evaluated is to treat
with chemotherapy (ABVD) alone and to omit radiotherapy in
patients who have a negative PET scan (as defined on a standard-
ized centralized PET assessment, Table 32.5). Initial results from
these trials suggest that interim PET scanning in ESHL is poten-
tially able to identify a group of patients that have an excellent
outcome after chemotherapy alone.

Advanced-stage disease

There are three general approaches to risk-adapted therapy in
advanced stage cHL:
1 Commence treatment with ABVD in all patients and
then intensify treatment to escalated BEACOPP if interim
PET appearance is unfavourable. Preliminary data from this
approach suggests that many patients who are still PET positive
after ABVD can be rendered PET negative with intensified treat-
ment (e.g. escalated BEACOPP).
2 Commence treatment with escalated BEACOPP and subse-
quently de-intensify treatment to ABVD (or a reduced number
of cycles of escalated BEACOPP) if interim PET is favourable.
3 Stratify patients based on IPS upfront to decide between
ABVD or escalated BEACOPP as frontline therapy. Treatment
is then intensified or de-intensified to the alternative regimen,
based on interim PET scan.
These strategies are currently being evaluated in ongoing

prospective trials.

Relapsed/refractory disease

For patients that relapse or who are refractory to primary
therapy, the traditional treatment paradigm has been to
administer salvage chemotherapy, choosing agents that were

not administered in frontline treatment. A commonly used
salvage regimen is ICE (ifosfamide, carboplatin, etoposide), but
others include ESHAP (etoposide, methylprednisolone, cytara-
bine and cisplatin) and DHAP (dexamethasone, cytarabine,
cisplatin).
Patients who demonstrate chemotherapy-responsive disease

(usually assessed on PET scan performed after two cycles of sal-
vage chemotherapy) undergo stem cell mobilization followed
by high-dose therapy and autologous stem cell transplantation.
Data from early trials suggest that this strategy results in approx-
imately 50% disease-free survival at 3 years. The most potent
determinant of outcome after autologous stem cell transplanta-
tion is the degree of chemoresponsiveness to salvage treatment.
Patients that undergo autologous stem cell transplantation with
a complete metabolic response on PET scan have a far superior
outcome to those achieving only a partial metabolic response
(PMR). Patients that are refractory to salvage chemotherapy (i.e.
PET scan showing stable disease, disease progression or a mixed
response) should not undergo autologous stem cell transplan-
tation due to the very low chance of long-term disease control.
Instead they should be considered for alternative therapies.
BV has been shown to be highly efficacious in the

relapsed/refractory setting. Studies have shown an overall
response rate of approximately 75% and approximately one-
third of patients achieving complete remission in a heavily
pretreated patient cohort. BV is currently used both in patients
who have not responded adequately to initial conventional
salvage therapy and also in first-line salvage. It is also useful in
the palliative setting for relapsed patients post autologous stem
cell transplantation.
Another promising novel approach in relapsed/refractory

disease is monoclonal antibody blockade of PD-1. HRS cells
over-express PD-1 ligand as a result of amplifications of chro-
mosome 9p24.1. This results in increased stimulation of the
PD-1 receptor on tumour-infiltrating T-lymphocytes and sub-
sequent immune evasion through T-cell exhaustion. A Phase I
study using the anti-PD-1 antibody nivolumab in patients with
relapsed/refractory Hodgkin lymphoma (including patients
previously treated with BV) has shown promising efficacy with
a high overall response rate and some longer-term remissions.
In addition to the incorporation of novel therapeutic agents,

numerous other strategies are being evaluated to try and
improve outcomes in the relapsed/refractory setting, includ-
ing PET-adapted sequential salvage therapy, tandem autologous
transplant for high-risk patients and allogeneic transplantation
in place of autologous transplantation.
A graft-versus-HL effect exists, and whilst allogeneic trans-

plantation has typically been reserved for multirefractory dis-
ease (usually relapsed post autologous transplantation), there
is emerging data to suggest that it may be a useful treatment
in place of autologous transplantation in high-risk patients (i.e.
those that do not achieve a CR to salvage chemotherapy or those
with primary refractory disease). Whilst the progression-free
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survival (PFS) in patients undergoing autologous transplanta-
tion with a PMR on PET to conventional salvage is 25–30% at
3–5 years, allogeneic transplant in this group may achieve a 3-
year PFS of approximately 70% in some centres. This approach
continues to be evaluated.

Treatment of older patients

Compared to the management of younger patients, there is a
paucity of evidence to guide themanagement of patients over the
age of 60 with cHL. However, a consistent feature that emerges
from the data that are available is that the use of ABVD in
patients over the age of 60 is associated with significant toxicity,
dose reductions and treatment delays. In an analysis of patients
over the age of 60 treated on the HD10 and HD11 trials, the use
of ABVD was associated with a 68% incidence of grade III/IV
toxicity and a 5% mortality rate from acute toxicity. In addition,
elderly patients may be at particular risk of specific chemother-
apy side-effects such as bleomycin lung toxicity.
Chemotherapy regimens utilizing conventional cytotoxic

agents have been specifically developed for use in this group
(e.g. VEPEMB) and whilst they may possibly represent an
improvement over ABVD, they are still associated with subop-
timal disease outcomes and significant toxicity. A standardized
geriatric comorbidity assessment is one way to determine the
likelihood of tolerance of chemotherapy and patients that ‘fail’
such a tool have a dismal outcome.
Given the poor outcomes, novel approaches are particularly

attractive in this group of patients. Substitution of conventional
chemotherapy agents with novel agents in frontline treatment
(e.g. lenalidomide or BV) are currently being evaluated to poten-
tially offer a more tolerable and efficacious treatment.

Late effects

Due to the high cure rates achieved by the treatment of both
early stage and advanced stage cHL, patients treated for cHL are
at risk of numerous late toxicities related to treatment. During
the first 10 years after diagnosis, most deaths are the result of
relapse, however, after this periodmost deaths are a result of late
effects of treatment. For early-stage disease, the cause of death
for the majority of patients overall is related to treatment rather
than cHL.
The chronic toxicity profile of cHL treatment depends on

numerous factors, including the intensity of chemotherapy reg-
imen, types of chemotherapeutic agents to which the patient is
exposed, site of radiotherapy fields and age of patient at treat-
ment. Late effects of therapy are discussed in the following
sections.

Secondary solid organ malignancy

Patients treated for HL have an approximately threefold
increased risk of solid organ malignancy compared to the gen-
eral population. The most common secondary malignancies
are breast, lung and gastrointestinal tract cancers. Radiother-
apy increases the risk of secondary solid organ malignancy at
exposed sites, whereas chemotherapy has a more complex asso-
ciation with secondary solid organ malignancy, resulting in an
increased risk of some types (e.g. colorectal carcinoma associ-
ated with procarbazine use), but also acting to abrogate the risk
of others (e.g. reduction of breast cancer risk in patients receiv-
ing radiotherapy through reducing ovarian function and induc-
ing premature menopause).
One of the most potent determinants of the risk of develop-

ing a secondary solid organ malignancy is the age at which the
patient received treatment. This is particularly the case for the
risk of breast cancer due to radiotherapy. If significant amounts
of breast tissue are irradiated in patients under the age of 20, the
relative risk of subsequent breast is approximately 15–25 fold. In
contrast, the risk of breast cancer in patients treated at age 40 and
over is similar to that of the general population. The explana-
tion for this is likely to be a mixture of increased vulnerability of
developing breast tissue to the transforming effects of radiother-
apy, and a longer duration of ovarian function post treatment. Of
note, however, these estimates of risk are based on older-style
radiation fields and radiotherapy techniques.
The risk of subsequent breast cancer (and indeed most can-

cers) is related to the radiotherapy dose and field size. Patients
are offered screening with yearly mammography or MRI from 8
years after treatment or at age 25 years (whichever is later). The
risk of lung cancer is increased in those receiving lung exposure
and patients should be counselled to cease smoking.

Secondary myeloid malignancy

The risk of secondary MDS/AML is approximately 1% or less
with ABVD, but may be up to 4% with escalated BEACOPP.
The risk of secondary myeloid malignancy was a particular con-
cern in the early trials using BEACOPP (e.g. HD9); however, the
incidence has decreased in subsequent GHSG trials (HD12 and
HD15). The reason for this is not clear, but it has been hypothe-
sized to be due to the lower use of radiation in later trials, as well
as exposure to fewer cycles of chemotherapy.

Cardiovascular disease

Patients treated for cHL are at an increased risk of late car-
diovascular disease. This is contributed to by exposure of the
heart to radiotherapy, as well as treatment with anthracycline-
based chemotherapy regimens. The types of cardiovascular dis-
ease that may occur include premature coronary-artery disease,
myocardial infarction, congestive cardiac failure, valvular heart
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disease, conduction abnormalities (e.g. atrial fibrillation) and
pericardial disease. The latency of coronary artery disease as a
result of radiotherapy is approximately 10 years. Importantly,
concomitant cardiovascular risk factors including hypertension,
hypercholesterolemia and smoking all compound this risk and
should be aggressively managed.

Infertility

Women (regardless of age) receiving escalated BEACOPP have
severely reduced ovarian reserve and significantly higher rates
of sustained amenorrhea post treatment.Women over the age of
30 treatedwith BEACOPP regimens have a 50% rate of sustained
amenorrhea (4 years) post treatment and those over 35 treated
with escalated BEACOPP have a less than 5% rate of return to a
regular menstrual cycle. In contrast, premature menopause after
ABVD alone is not significantly increased.
For male patients, sperm storage can usually be offered before

treatment, whereas fertility-sparing measures in female patients
are time consuming and, because of treatment delays, not always
advisable.

Conclusion

The treatment of cHL has now progressed to the stage where the
significant majority of patients will be cured of their disease. A
truly enviable situationwhen compared tomany other haemato-
logical and non-haematological malignancies. The onus is now
on the managing clinical team to deliver this curative ther-
apy in a manner commensurate with individual patient risk
in order to minimize the risk of acute and long-term morbid-
ity and mortality. This will be best achieved by a multidisci-
plinary approach, including both radiation oncologists as well
as haemato-oncologists. Moreover, the deepening understand-
ing of the molecular basis of the HRS cell, as well as the devel-

opment of new therapeutics hold the promise of an even further
improvement in outcomes for patients with cHL.
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Introduction

The low-grade non-Hodgkin lymphomas (NHL) included
in this chapter are follicular lymphoma, the marginal-
zone lymphomas, Waldenström macroglobulinaemia/
lymphoplasmacytic lymphoma and mantle-cell lymphoma.
Chronic lymphocytic leukaemia (CLL)/small lymphocytic
lymphoma (SLL) and hairy-cell leukaemia are also mature
B-cell malignancies with some similar characteristics to the
low-grade NHLs discussed in this chapter; they are covered in
Chapter 27 and T-lymphoproliferative disorders are covered in
Chapter 28.
Whilst the low-grade lymphomas have distinct epidemiol-

ogy, pathogenesis, morphologic, immunophenotypic and clin-
ical features, they share a broadly similar disease course charac-
terized by slow rate of growth and longmedian survival, with the
possible exception of mantle-cell lymphoma, which frequently
has a more aggressive course. In the majority of cases, these
are incurable malignancies and whilst the progress is usually
slow, the development of refractory disease, or transformation
to high-grade disease can occur in all subtypes.
Since the previous edition of this book there have been

advances in the understanding of the pathogenesis of lymphoma
and new therapies are emerging that show great promise. Major
improvements in survival have been observed since the intro-
duction of anti-CD20 monoclonal antibodies and the aims of
current research are to reduce the toxicity of treatment, while
continuing to improve outcomes (Table 33.1).

Epidemiology

Registry data from the Surveillance Epidemiology and End
Results (SEER) database in the United States shows that there
was a marked increase in the number of cases of NHL reported
over several decades at the end of the twentieth century, but the
rate of increase appears to have slowed since 2000. It is not clear
why there was a rise in incidence, but it is likely that changes in
medical practice, reporting conventions, and changes to the clas-
sification of lymphomas have had an impact. Numerous studies
investigated possible links to environmental agents such as pesti-
cides or industrial exposures, but no firm associations have been
identified. The increase in incidence of low-grade lymphomas
is less closely linked to the AIDS epidemic as high-grade lym-
phoma. There is marked geographical variation in incidence of
some lymphoma subtypes, which is suggestive of an infectious
aetiology. Although low grade NHLs can present at any age they
are all more common with increasing age.

Histology and classification of
low-grade NHL

The histology and classification of low-grade NHL are covered
in Chapter 31. Salient features will be covered in the relevant
sections below.
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Table 33.1 Immunophenotypic profiles of ‘low-grade’ B-lymphomas.

The pink shaded boxes     indicate the typical profile and most discriminatory CD markers to distinguish CLL from MCL.

CD5/10
CD103CD25CD11cCD200FMC7CD79bCD23CD19SmIgDiseasecategory *CyD1

CD 5 /10 CLL/SLL
MCL

CD 5–/10 FL

CD 5–/10 B-PLL
HCL
HCLv
S-MZL
LPL/WM

The diseases are initially categorised into groups according to CD5 and CD10 status.
CD 5 /10 lymphoproliferative disorders are rare, but include FL and MCL with aberrant expression of CD5 and CD10, respectively.
The immunophenotypes indicated are the typical phenotypic profiles; however, phenotypic variation with aberrant over- or under-expression is common.

indicates that disease is more commonly negative and /– indicates that it is more commonly positive.
CL/SLLL, chronic lymphocytic leukaemia/small lymphocytic lymphoma; *CyD1, Cyclin D1 (assessed by immunohistochemistry); FL, follicular
lymphoma; HCL, hairy-cell leukaemia; HCLv, hairy-cell leukaemia variant; LPL/WM, lymphoplasmacytic lymphoma/Waldenstrom’s
macroglobulinaemia; MCL, mantle-cell lymphoma; SmIg, Surface-marking immunoglobulin; S-MZL, splenic marginal-zone lymphoma; wk, weak.

The blue shaded boxes     indicate the typical HCL phenotype and the green boxes     indicate the most discriminatory markers to distinguish HC
from HCLv.
(Source: Robin Ireland, King’s College London.)

CD123

wk or wk

Follicular lymphoma

Follicular lymphoma (FL) is the commonest low-grade NHL
and the second commonest of all lymphomas after diffuse large
B-cell lymphoma (DLBCL). FL, like other low-grade NHLs, is
characterized by a slow rate of progression and a relatively indo-
lent course in most patients, but it is heterogeneous and can
progress rapidly, become refractory to treatment or transform
to high-grade disease. Like other B-cell lymphoproliferative dis-
orders, the outlook has been much improved by the introduc-
tion of anti-CD20 monoclonal antibodies and this, alongside
improvements in supportive care, is one of the principal reasons
for the improved long-term survival reported from registry data.
There are alsomanynovel, non-cytotoxic agents becoming avail-
able for the treatment of FL and, it is likely that theywill radically
change the management of FL in the near future.

Epidemiology of FL

The incidence of FL increaseswith agewith amedian age of diag-
nosis of 64 years, and whilst it can present in childhood, this
is rare. The sex distribution is approximately equal, but there
is considerable geographical variation in incidence: in Europe
and North America, it has an annual incidence of approximately
4 per 100,000 people, but in Asia the incidence is 10 times lower.

The long natural history of the disease and increasing survival
give rise to a high prevalence, which is predicted to increase fur-
ther with an ageing population.

Pathology of FL

FL is a malignancy of germinal-centre B-cells, predominantly
affecting the lymph nodes, but the spleen, bonemarrow, periph-
eral blood and other extranodal sites can also be involved. The
architecture of involved lymph nodes is usually replaced by uni-
form large follicles with some similarities to normal germinal
centres (see Chapter 31).
FL is histologically classified into grades depending on

the number of centroblasts per high-power field. Grades 1–2
account for 80–90% of cases, are considered the same and are
treated identically. Grade 3 is separated into grade 3a and grade
3b. The outcome of grade 3a FL is similar to that of grade 1–2
disease, whereas grade 3b FL has an aggressive course analo-
gous to DLBCL and is clinically managed as such. Bone mar-
row is involved in approximately 50%of patients, and the pattern
of infiltration is characteristically paratrabecular. The prolifera-
tion index, as measured by Ki67, usually reflects the histological
grade and is typically <20% in grade I–2 FL and >20% in grade
3 disease. The malignant B cells do not exist in isolation, but are
admixed with various T-cell subsets, macrophages and follicular
dendritic cells that make up the tumour microenvironment.
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Pathophysiology of FL

The characteristic cytogenetic abnormality in FL is the chro-
mosomal translocation t(14;18)(q32;q21), resulting in consti-
tutive expression of the antiapoptotic proto-oncogene BCL2
(B-cell lymphoma-2) by bringing it into proximity with
enhancer sequences of the immunoglobulin heavy-chain gene
on chromosome 14. It is over-expressed in approximately 80–
90% of grade 1–2 FL, is less commonly found in grade 3a dis-
ease and is infrequent in grade 3b. In up to 50% of BCL2-
negative cases, 3q27 BCL6 rearrangements can instead be iden-
tified. Numerous additional genetic events have been identified
in FL, including mutations in the epigenetic modifiers EZH2,
CREBBP and MLL2, loss of function mutations in TNFRSF14
and mutations in the apoptosis regulator FAS. Transformation
and progression have been attributed to clonal selection and the
accumulation of further genetic events such as upregulation of
MYC or mutation of TP53.
The t(14;18) translocation leads to failure of apoptosis of

B cells, but it is clear that this is insufficient to lead to the devel-
opment of FL. Lymphocytes carrying the t(14;18) translocation
can be identified by PCR in the peripheral blood of 50 to 70%
of healthy individuals with no evidence of FL. Until recently, an
increased predisposition to FL was not apparent in healthy peo-
ple with this translocation, but a recent study involving 520,000
healthy individuals found that a high frequency of circulating
t(14;18) cells (greater than 1 in 10−4) was associated with a 23-
fold increased risk of developing FL, sometimesmany years later.
The clinical significance of this finding is not fully understood,
and screening for people carrying t(14;18) is neither practical or
desirable at present. The finding of the same BCL2-IGH break
points in the original peripheral blood samples of t(14;18) cells
as in the tumour biopsies of individuals who subsequently devel-
oped FL many years later, indicates the existence of a founder
clone of premalignant B cells.
In the normal germinal-centre reaction, the B-cell receptor

is rearranged and undergoes somatic hypermutation under the
influence of the enzyme activation-induced cytidine deaminase
(AID). It is postulated that further genetic events leading to
the development of FL occur through the off-target influence
of AID during repeated germinal-centre reactions of B cells
that are resistant to apoptosis as a consequence of the t(14;18)
translocation.
The microenvironment is important in the pathophysiology

of FL and has an impact on prognosis, with evidence that the
gene expression profile of the non-malignant cells infiltrating
the tumour is predictive of prognosis. An immune signature
consistent with increased T-cell infiltration has been associated
with improved outcome compared to an immune signature con-
sistent with increased macrophage and dendritic cell infiltra-
tion. These findings have been replicated in subsequent stud-
ies, but this has not yet been applied prospectively in the clinical
setting.

A growing number of studies, mainly using single-parameter
immunohistochemistry, have investigated the role of the
microenvironment in the pathogenesis and prognosis of FL, but
to date these have yielded inconsistent and sometimes contra-
dictory findings. It is likely that there is a complex interplay
between protumour cells such as T follicular-helper cells, anti-
tumour immune-effector cells and T regulatory cells that inhibit
the antitumour immune response. It is also evident that the FL
B cells themselves are also able to influence the composition of
the microenvironment.

Clinical features of FL

FL is often described as ‘indolent’; this reflects the slow rate of
progression observed in the majority of cases and the fact that
many patients are asymptomatic and some do not require treat-
ment for many years after diagnosis. However, the disease pro-
gresses rapidly in some patients and, in most cases, FL is an
incurable condition characterized by responses to initial ther-
apy with inevitable relapses. Both the response rate and length
of remissions were observed to decline with subsequent lines of
therapy in the prerituximab era. Studies of untreated individu-
als have revealed that a significant proportion of patients with
asymptomatic, advanced-stage disease never require therapy,
and prolonged, spontaneous remissions in untreated patients are
also well recognized.
Presentation of FL is most commonly with lymphadenopa-

thy, which is often asymptomatic, but may cause local symp-
toms or organ compromise. Constitutional symptoms are less
frequently reported than in high-gradeNHL. Extranodal disease
may affect the bone marrow, liver, spleen, gastrointestinal tract
or skin; CNS involvement is rare. In a large retrospective review
of patients, which included 4167 patients enrolled in clinical tri-
als, 78% had advanced stage, 22% early stage, 19% had B symp-
toms (weight loss, night sweats or fever), 52% had bone mar-
row involvement and 38% had areas of extranodal disease other
than bone marrow. These clinical characteristics were broadly
verified in a prospective review of 942 patients, but may not be
wholly representative of all patients with FL, as only patients in
clinical trials were included.
There is an associated risk of transformation to high-grade

lymphoma, most commonly to DLBCL, but occasionally Burkitt
lymphoma. The risk is approximately 3% per year or 15–28% at
10 years. There is considerable variation in the reported rates
of transformation, in part due to differences in the definition
of transformation (whether histologically confirmed or clini-
cally suspected) and variations in clinical practice with regard to
performing biopsies at relapse. Transformation has a very poor
prognosis with a median time from histological transformation
to death of 1.2–1.8 years.
Rare entities including in situ FL, paediatric FL, primary

intestinal FL and primary cutaneous FL are described on
page 583 of Chapter 31.
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Table 33.2 Risk factors for the calculation of FLIPI and FLIPI2 scores.

Adverse risk factor

Feature FLIPI FLIPI2

Age >60 years >60 years
Stage III–IV Bone marrow infiltration
Haemoglobin <120 g/L <120 g/L
Disease burden >4 nodal sites of disease Maximal diameter of largest nodal mass >6 cm
LDH or β2MCG LDH > upper limit of normal β2MCG > upper limit of normal

Staging and baseline investigations in FL

FL is clinically staged according to theAnnArbor staging system
which was originally devised for the staging of Hodgkin lym-
phoma. Stage I–IIA is early-stage disease, while IIB–IV is char-
acterized as advanced-stage disease. Approximately 80–90% of
patients with FL present with advanced-stage disease.
Accurate staging is important for prognosis and for plan-

ning treatment, especially for determining whether patients
with apparent early-stage disease have any distant involved
lymph nodes or extranodal sites of disease. Staging routinely
involves bone marrow aspirate and trephine biopsy and imag-
ing of the neck, chest, abdomen and pelvis. Since FL is uni-
formly FDG-avid, positron emission tomography (FDG-PET)
scanning is increasingly used alongside cross-sectional imaging.
FDG-PET has been demonstrated to be more sensitive than CT
and leads to upstaging in 18–30% of patients. FDG-PET scan
may be particularly important in apparent early-stage disease
where one study showed that 62% of patients were upstaged
by FDG-PET; this has therapeutic implications since early- and
advanced-stage disease are typically managed differently. Bone
marrow infiltration in FL is not reliably detected by FDG-
PET, and bone marrow aspirate and trephine therefore remains
an important component of staging, even when FDG-PET is
performed.
Additional investigations performed at the time of diagno-

sis include full blood count, biochemistry, including serum
lactate dehydrogenase (LDH), β-2-microglobulin (β2MCG),
immunoglobulins and protein electrophoresis, and virology

(hepatitis B, hepatitis C andHIV testing are considered essential
prior to starting immunochemotherapy). Baseline physiological
investigations such as measurement of creatinine clearance or
cardiac function are required when intensive treatment is being
considered.

Predicting prognosis in FL

Determining prognosis in patients with newly diagnosed FL is
based on a number of clinical and laboratory parameters. The
Follicular Lymphoma International Prognostic Index (FLIPI)
incorporates age (>60 versus ≤60 years), stage (III–IV versus I–
II), number of involved nodal groups (>4 versus ≤ 4), anaemia
(Hb <120 g/L versus ≥120 g/L) and serum LDH (>upper limit
of normal (ULN) versus≤ULN). The FLIPI score was developed
from retrospective analysis and uses overall survival (OS) as its
end point. Patients are divided into three risk groups, low risk
(FLIPI 0–1) with 10-year OS of 71%, intermediate risk (FLIPI 2)
with 10-year OS of 51% and high risk (FLIPI 3–5) with 10-year
OS of 36% (see Tables 33.2 and 33.3).
The FLIPI was developed in the prerituximab era and,

although it has been demonstrated to retain predictive power in
patients treated with immunochemotherapy, patients included
in the initial analysis are not representative of patients currently
treated. Another drawback to the FLIPI score is its use of OS
as the endpoint. Whilst OS is a valuable end point in aggressive
lymphoma, in low-grade NHL such as FL, surrogate end points
such as progression-free survival (PFS) or time to treatment fail-
ure (TTF) are often used, as OS is affected by subsequent lines

Table 33.3 Outcomes according to risk group defined by the FLIPI and FLIPI2 scores.

FLPI FLIPI2

Risk group
No. of risk
factors

5-year
OS (%)

10-year
OS (%) Risk group

No. of risk
factors

3-year
PFS (%)

3-year
OS (%)

Low 0–1 91 71 Low 0–1 91 99
Intermediate 2 78 51 Intermediate 2 69 96
High 3–5 53 36 High 3–5 51 84
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of therapy and it takes a long time to generate statistically mean-
ingful OS data. These factors have led to the development of a
revised prognostic system, the FLIPI2 score.
The FLIPI2 score determines risk according to age (>60

versus ≤60 years), haemoglobin (<120 g/L versus ≥120 g/L),
bone marrow infiltration (present versus absent), β2MCG
(>ULN versus≤ULN), and greatest diameter of largest involved
lymph node (>6 cm versus ≤6 cm). This score was gener-
ated prospectively, with many patients treated with rituximab-
containing regimens, and uses PFS as the primary outcomemea-
sure. Patients with a FLIPI2 score of 0 are low risk and have a
3-year PFS of 91%, score 1–2 is intermediate risk with a 3-year
PFS of 69% and score 3–5 is high risk with a 3-year PFS of 51%
(see Tables 33.2 and 33.3).
The FLIPI and FLIPI2 scores are widely used for estimating

the prognosis of newly diagnosed patients and they are helpful
in clinical trials for describing the distribution of high- and low-
risk patients in the population. However, there is no prospec-
tive evidence to support their use in determining treatment
decisions.
Depth of response to treatment has also been used to pro-

vide prognostic information with evidence to show that patients
achieving a complete remission (CR) after treatment have sig-
nificantly longer duration of response than patients achieving
only partial remission (PR). Remission status determined by
FDG-PET has also been shown to be more predictive of out-
come than by conventional imaging. In three studies of patients
with advanced-stage disease treated with rituximab-containing
induction treatment, 22–26% of patients were PET-negative at
the end of induction treatment. Patients who were PET-negative
after treatment had a 36–44% improvement in PFS compared
to patients who were PET-positive. Significantly worse OS for
patients who were PET-positive at end of treatment was also
identified in one study (HR 7.0, 95% CI 1.8 – 2.7). Determin-
ing the level of molecular response using PCR for the quantifi-
cation of BCL2-IGH rearrangement in the bone marrow after
rituximab-based treatment has also been demonstrated to be
predictive of duration of response and this is being assessed in
ongoing prospective studies.

Management of early-stage FL

Early-stage FL represents 10–20% of all new FL diagnoses. It is
important to identify this group because the prognosis, treat-
ment intent and the treatment modalities employed are differ-
ent from advanced-stage disease; whereas it is anticipated that
most treatments in FL will not be curative, its high sensitivity
to radiotherapy means that true early-stage disease can some-
times be cured with radiotherapy alone; 24 Gray (Gy) involved
field radiotherapy (IFRT) is now recommended with evidence
from a randomized trial that this dose is not inferior to higher
doses of 40–45 Gy. Very low-dose radiotherapy (4 Gy) has also

been assessed and, whilst this gives good disease control and
symptomatic relief in the palliative setting, it is inadequate for
long-term disease control.
Localized radiotherapy may cure just under 50% of patients.

Relapses are typically outside of the original radiotherapy field,
suggesting that the disease was in fact disseminated at time
of treatment, but was not detectable; for this reason it is
likely that patients staged with FDG-PET may have better
response to localized radiotherapy. Late relapses beyond 10
years are extremely rare in early-stage FL treated with local
radiotherapy.
Despite radiotherapy being recommended for early-stage FL

by many national and international guidelines, it is not uni-
versally adopted. Studies from the USA showed that only 27%
and 34% (respectively) of early-stage patients were treated with
radiotherapy alone; other patients were treated with rituximab
plus chemotherapy (with or without subsequent radiotherapy),
rituximab alone, or observation only.
There is a need for the formal assessment of the treatment

options in early-stage disease in randomized trials and the role
of FDG-PET should be assessed in parallel; however, trials are
slow to recruit due to the low incidence of early-stage disease
and require prolonged follow-up due to the excellent outcomes
with standard therapy.
In cases where the entire tumour has been removed by exci-

sion biopsy, one series has shown that up to 80% of patients have
long-term remissions without additional therapy. It may there-
fore be reasonable for such patients to be observed without addi-
tional treatment. The role of FDG-PET scanning in this setting
has not been formally assessed, but it would seem logical to con-
sider FDG-PET scan and bone marrow biopsy to confirm the
absence of disease elsewhere.

Management of advanced-stage
asymptomatic FL

For asymptomatic patients with advanced-stage disease, there
is no proven benefit of early chemotherapy over observa-
tion. Three separate trials demonstrated that, in this cohort of
patients, delaying treatment did not impair disease-specific or
overall survival. Many physicians therefore employ a period
of observation or ‘watchful waiting’ in asymptomatic patients,
withholding treatment until such a time as it is required due to
progressive disease, increasing symptoms or falling peripheral
blood counts. When this approach is followed, systemic ther-
apy is delayed by 2–3 years, with approximately 20% of patients
never requiring therapy, and, in the largest reported trial, 40%
of patients over 70 years had still not required treatment after
10 years median follow-up.
This approach of delaying treatment in asymptomatic patients

was originally adopted due to the failure of any treatments to
prolong survival and in order to delay exposure to potentially

618



Chapter 33 Non-Hodgkin lymphoma: low grade

harmful chemotherapy, but, in the modern treatment era, where
survival is improving and treatments are less toxic (leading to
fewer treatment-related deaths and potentially fewer secondary
malignancies) this approach is being challenged.
In a recent trial performed by the UK study group, patients

with advanced-stage, asymptomatic disease were randomized
to receive no treatment or rituximab alone with no cytotoxic
chemotherapy; this was initially a three-arm study with two
rituximab schedules (rituximab induction only or rituximab
induction followed by maintenance), but the rituximab induc-
tion arm was closed early. Analysis of the observation versus
rituximab induction followed by maintenance arms (n = 192
and 187, respectively) demonstrated that patients receiving rit-
uximab had a significantly longer time to initiation of next
treatment than the observed cohort (31.1 months versus not
reached), and at 3 years median follow-up, the proportion of
patients not requiring further therapy was significantly higher
in the rituximab arm (88% versus 46%, HR 0.21, 95% CI 0.14–
0.31). Another important finding of this studywas that there was
no deterioration in quality of life in patients treated with ritux-
imab. Longer follow-up is required to determine the effect of sin-
gle agent rituximab on response to subsequent lines of therapy,
survival and transformation.
Another recently reported trial in the treatment of low-

tumour-burden FL is the RESORT trial conducted by ECOG
(Eastern Cooperative Oncology Group) in which continuous
rituximab maintenance was compared with re-treatment with
rituximab at relapse in patients who had initially responded to
rituximab monotherapy induction (four doses at 1-week inter-
vals). They found no significant difference in the time to treat-
ment failure (TTF) between the two arms, and although a sig-
nificantly higher proportion of patients in the re-treatment arm
required subsequent cytotoxic therapy, this came at the price of
a large difference in the number of doses of rituximab received,
(median number of doses, 18 in the maintenance arm versus
4 in the re-treatment arm). Another interesting finding of this
trial is that 50% of patients randomized to receive only induc-
tion rituximab remained in remission at 3 years, with relapsing
patients demonstrating a very high response rate to subsequent
single agent rituximab in first and second relapses (61% and
67%, respectively), which suggests that the development of rit-
uximab resistance was not a frequent occurrence in this cohort.
In summary, an approach of watchful waiting remains appro-

priate for most patients with advanced-stage asymptomatic dis-
ease, and there is a strong evidence base to support this deci-
sion. However, this approach was developed in an era when
no treatments had demonstrated improvements in OS and the
available treatments were all cytotoxic. There is now a grow-
ing body of evidence that single-agent rituximab is an effec-
tive, well-tolerated therapeutic option that may be a suitable
alternative to watchful waiting, although long-term follow-up
of the UK trial is needed before recommending a change in
practice.

First-line management of advanced-stage
symptomatic FL

To determine whether a patient with advanced-stage disease
needs to start treatment, the GELF (Groupe d’Etude des Lym-
phomes Folliculaires) criteria are widely used. According to
these criteria, patients with any site of disease >7 cm in maxi-
mal diameter, at least three nodal sites each ≥3 cm in diameter,
B symptoms, splenic enlargement, local symptoms, organ com-
promise or cytopenias should be considered for active treatment.
Current therapy for advanced-stage symptomatic FL is rarely

curative, but aims to reduce symptoms, prolong the time until
next therapy and improve survival. Contemporary regimens
consist of induction typically followed by maintenance therapy.
The treatment of grade 3b FL should follow the recommenda-
tions for high-grade NHL.

Induction therapy
First-line therapy of advanced-stage symptomatic FL is now
rarely with chemotherapy alone, but is usually with rituximab in
combinationwith chemotherapy, or sometimes rituximab alone.
Rituximab was first demonstrated to have activity in FL when

used as a single agent in the relapsed or refractory setting, and
was subsequently demonstrated to be highly active as a single
agent in the frontline setting, where 4 × weekly doses of 375
mg/m2 gave an overall response rate of 73%. Subsequent trials
assessed the addition of rituximab to existing chemotherapy reg-
imens. The addition of rituximab to CVP (cyclophosphamide,
vincristine and prednisolone) chemotherapy in the first-line
treatment of advanced-stage FL was demonstrated to lead to sig-
nificant improvements in all outcomemeasures assessed, includ-
ing longer TTF, CR rate, time to progression, response duration
and, crucially, OS, with the benefits seen in both high- and low-
risk patients, as assessed by FLIPI score. The 4-year OS in the
R-CVP arm was 83% compared to 77% in the CVP arm (P =
0.029) and this improvement in OS through the addition of rit-
uximab to combination chemotherapy represents a landmark in
the treatment of FL.
Three further studies have demonstrated the benefit of

adding rituximab to chemotherapy in first-line treatment (see
Table 33.4). Hiddemann and colleagues compared R-CHOP (rit-
uximab, cyclophosphamide, doxorubicin, vincristine and pred-
nisolone) to CHOP, and demonstrated a 60% reduction in risk
of treatment failure, significantly longer TTF and improved
OS at 2 years (95% versus 90%, P = 0.016) in the R-CHOP
arm. Herold et al. compared R-MCP (rituximab, mitoxantrone,
cyclophosphamide and prednisolone) with MCP alone with
similar results, and a large French trial demonstrated that rit-
uximab led to improved outcome when added to CHVP+I
(cyclophosphamide, doxorubicin, etoposide, prednisolone and
interferon), although the survival benefit in this trial was lim-
ited to patients with high FLIPI scores. The survival bene-
fit of rituximab has been confirmed in a meta-analysis, which
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Table 33.4 Summary of results of key trials of rituximab in combination with chemotherapy in the first line treatment of follicular
lymphoma.

Trial experimental
regimen (first author,
year of publication)

Patients
(n)

Median
follow-up
(months)

ORR
(%)

Response outcome
measure and duration

OS
(%)

R-CVP (Marcus, 2008) 321 53 81 Median TTF 27 months 83 at 4 years
R-CHOP (Hiddemann, 2005) 428 58 96 Median TTF not reached,

2-year TTF 85%
90 at 2 years

R-bendamustine (Rummel, 2013) 139 34 93 Median PFS not reached 84 at 4 years
R-MCP + interferon (Herold, 2007) 201 47 92 Median PFS not reached 87 at 4years
R-CHVP + interferon (Bachy, 2013) 358 96 81 Median EFS 66 months 79 at 8 years

EFS, event-free survival; ORR, overall response rate; OS, overall survival; PFS, progression free survival; R-CHOP, rituximab, cyclophosphamide,
doxorubicin, vincristine, prednisolone; R-CHVP, rituximab, cyclophosphamide, doxorubicin, etoposide, prednisolone; R-CVP, rituximab,
cyclophosphamide, vincristine, prednisolone; R-MCP, rituximab, mitoxantrone, chlorambucil, prednisolone; TTF, time to treatment failure.

concluded that there is a significant improvement in OS
in patients treated with rituximab plus chemotherapy com-
pared to various chemotherapy combinations (HR 0.63, 95%
CI 0.51–0.79).
Whilst the benefit from the addition of rituximab to

chemotherapy has been conclusively demonstrated, the optimal
regimen to use in conjunction with it has not yet been estab-
lished. A trial conducted by the Fondazione Italiana Linfomi
(FIL) study group has shown that R-CVP is associated with infe-
rior TTF compared to R-CHOP or R-FM (rituximab, fludara-
bine and mitoxantrone), and significantly higher toxicity with
R-FM than R-CHOP. Recently, bendamustine has been shown
to be highly effective in combination with rituximab (BR), with
better outcome and fewer toxicities than R-CHOP (PFS 69.5
months versus 31.2 months, HR 0.58, P < 0.001); no difference
in OS has been demonstrated to date. The improved outcome
with BR is perhaps due in part to a lower toxicity profile, which
may facilitate the timely administration of full-dose treatment to
a higher proportion of patients.
The evidence to recommend any particular chemotherapy

regimen towhich rituximab should be added is limited, but six to
eight doses of rituximab in combination with six to eight cycles
of chemotherapy should be considered the standard of care at
present, and this can be anticipated to give an overall response
rate of 81–96% with CR in 20–63%. Many clinicians are choos-
ing to use bendamustine as it is well tolerated and appears to be
highly effective, although the evidence for this comes from only
one randomized trial. Another potential advantage of using ben-
damustine as first-line rather than CHOP is that an anthracy-
cline can be used at subsequent relapses or transformation if the
patient has not received first-line R-CHOP. Fludarabine-based
regimens are not usually recommended as first-line due to their
increased toxicity, the risk of myelodysplasia and the impair-
ment of stem cell mobilization.

For patients unable to tolerate a full course of immuno-
chemotherapy, options include attenuated chemotherapy with
full-dose rituximab or single-agent rituximab given weekly for
4 weeks, as reported in the RESORT trial, which gives durable
remissions of 3 years in approximately 50%of patients. Since this
was performed in patients with low tumour burden, the results
may not be directly applicable to all patientswith advanced-stage
disease.

Maintenance or consolidation therapy
Rituximab maintenance
Previously,maintenance therapywith interferonwas found to be
partially effective, but poorly tolerated and difficult to adminis-
ter. It has now been demonstrated that rituximab maintenance
is effective at prolonging remissions after initial single-agent
rituximab, after CVP chemotherapy, after rituximab-containing
immunochemotherapy (R-CHOP) in the relapsed setting
and more recently after rituximab-containing induction
immunochemotherapy. This was the main result of the PRIMA
trial conducted by the French GELA group in which 1217
patients with previously untreated, advanced-stage FL received
one of three induction regimens (R-CHOP, R-CVP, or R-FCM)
with responding patients (1019, 84%) randomized to main-
tenance rituximab (375 mg/m2 every 2 months for 2 years)
or observation. At a median of 3 years’ follow-up, the rate of
progression was significantly lower in the maintenance arm,
PFS 74.9% versus 57.6% (HR 0.55, 95% CI 0.44–0.68, P <

0.0001), with the benefit observed in all FLIPI risk groups
and patients both in PR and CR at the end of induction. No
difference in OS has been identified to date. This important
trial has led to the widespread use of rituximab maintenance
following first-line treatment with immunochemotherapy.
A number of questions about the use of maintenance ritux-

imab after induction therapy remain unanswered, these include
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the optimal duration of maintenance, maintenance versus re-
treatment at relapse and whether the benefit of maintenance is
restricted to certain subsets of patients.
Whilst rituximab administered every 8–12 weeks for 2 years

is considered safe and has proven efficacy, the optimal dura-
tion of maintenance has not been determined. Evidence from
the RESORT trial suggests that a longer schedule is not harm-
ful, but no benefit of prolonged maintenance over re-treatment
at relapse was demonstrated. Provisional data from a trial con-
ducted by the Swiss study group (SAKK) in which patients were
treated with single-agent rituximab followed by either 5 years of
maintenance or short-term maintenance of only four doses also
suggests that prolonged maintenance for 5 years is safe and, in
contrast to the RESORT trial, identified improvements in event-
free survival (EFS) and PFS with the prolonged schedule over
the short regimen; full publication of this trial is awaited.
It is has also been suggested that patients achieving a CR by

FDG-PET may not require rituximab maintenance, this is yet
to be confirmed in prospective studies. It may also be possible
in the future to use the level of molecular response, or other
biomarkers to predict patients who aremost likely to derive ben-
efit from maintenance therapy after induction therapy.

Radioimmunotherapy consolidation
The conjugation of radioactive isotopes to monoclonal anti-
bodies targeting B cells allows the directed delivery of radia-
tion to the tumour. Given the high radiosensitivity of FL to
radiotherapy, radioimmunotherapy (RIT) is an appealing tech-
nique for consolidation therapy to eradicate residual sites of
disease. Compared to no further treatment, consolidation with
90yttrium-ibritumomab tiuxetan or 131iodine-tositumomab in
patients achieving a response after induction therapy has been
demonstrated to lead to increases in PFS and conversion of PR
to CR is seen in some patients. Although this treatment option
is well tolerated in most patients, it has been associated with an
increased risk of myelodysplasia, and there have been no direct
comparisons of rituximab maintenance versus RIT consolida-
tion. Rituximab should therefore be considered the standard
maintenance approach at present, and RIT in this setting should
probably only be used within clinical trials.

Autologous stem cell transplantation consolidation in first
remission
Another approach to consolidating induction therapy is to use
high-dose therapy and autologous stem cell transplant (ASCT)
in first remission. Four randomized trials have been conducted
comparing ASCT to no further treatment; most were performed
before rituximab was routinely used in the frontline setting. Sig-
nificant improvements in PFS were identified in all but one of
these trials, but this has not been shown to lead to an improve-
ment in OS, partly due to excess toxicity (including secondary
malignancies) in the ASCT arms and also due to the success of
salvage therapy in patients not receivingASCT. In the current era

of highly efficacious induction therapy and maintenance with
rituximab, which has a low toxicity profile, there is no role for
consolidating first remissionwithASCT; it does however remain
an important therapeutic option at relapse (see below).

Management of relapsed FL

There are numerous options but no standard treatment for
relapsed FL. Relapsing patients should undergo re-staging,
repeat biopsy, given the risk of transformation, assessment of
symptoms and a review of previous treatment(s).
Localized relapses can be treated effectively with radiother-

apy as in the first-line setting; 24 Gy is highly effective but lower
doses (4 Gy)may be appropriate, especially for symptom control
in the palliative setting.
If relapse is advanced stage and asymptomatic, there is no

proven benefit of immediate treatment over an active observa-
tion approach and it is therefore common practice for treatment
to be deferred until such a time as it is required.
In patients with symptomatic advanced-stage, non-

transformed relapse there are a number of options and
determining the most appropriate intervention depends on
patient characteristics (e.g. age and comorbidities), prior
treatment and duration of previous remission.

Immunochemotherapy
For patients who did not receive rituximab at first-line ther-
apy, there is very strong evidence that rituximab-containing
immunochemotherapy confers significant improvements in PFS
and OS over chemotherapy alone at relapse, and this should
therefore be considered in all cases of rituximab-näıve patients
who relapse with symptomatic disease. Most patients now
receive rituximab as part of their first-line treatment and the
benefit of further rituximab has not been formally demon-
strated, but most clinicians chose to add it to therapy, espe-
cially if durable remissions have been achieved with prior
rituximab. The same chemotherapy should be considered if
a prolonged remission (>2 years) has been achieved, but if
the patient received CHOP or other anthracycline-containing
regimens at first-line then there is little scope to receive fur-
ther anthracyclines. Where remissions have been shorter than 2
years, consideration should be given to switching to a non-cross-
resistant chemotherapy regimen. Fludarabine is effective in
patients previously treated with alkylating-agent-based therapy,
but it has significant toxicities, including profound immuno-
suppression, is associated with secondary malignancies, espe-
cially myelodysplasia, and can impair subsequent attempts at
stem cell mobilization and so is not a suitable option in all cases.
Bendamustine-rituximab has been demonstrated to be superior
to fludarabine-rituximab in the relapsed setting, with signifi-
cant improvement in PFS, and is therefore preferred particu-
larly if it has not been used as first-line. In fit patients who do
not respond to standard regimens, an intensive salvage regimen

621



Postgraduate Haematology

should be considered e.g. IVE (ifosphamide, epirubicin and
etoposide), ESHAP (etoposide, methylprednisolone, cytarabine
and cisplatin) or ICE (ifosfamide, carboplatin and etoposide).
Rituximab should be added to these treatment protocols unless
patients have received this agent in the previous 6–12 months.
When frailty or comorbidities prevent the administration of
full-dose immunochemotherapy, consideration can be given
to attenuated regimens or single-agent rituximab, which gives
response rates of up to 50% in rituximab-naı̈ve patients and evi-
dence shows that it can be successful after prior exposure too.
A number of randomized trials and a meta-analysis have

demonstrated that rituximab maintenance leads to significant
improvements in both PFS and OS over observation alone
after second-line therapy, even in patients who have previously
received rituximab-containing immunochemotherapy. It is not
clear whether patients who have previously received mainte-
nance rituximab benefit from a further course.
Radioimmunotherapy (RIT) is an effective alternative to

immunochemotherapy for relapsed FL, but there are no direct
comparisons of RIT in the relapsed setting against other modal-
ities. 90Yttrium-ibritumomab tiuxetan has been demonstrated to
give high response rates with durable remissions in heavily pre-
treated (albeit rituximab-naı̈ve) patients. It is especially useful in
patients with non-bulky tumours (maximum diameter of largest
involved node<5 cm) and, since it is well tolerated, it is a suitable
treatment option for patients who are refractory to othermodal-
ities or unable to receive further chemotherapy. The main toxi-
city is myelosuppression and close monitoring of blood counts
after administration is necessary. There is also a concern about
increased risk of myelodysplasia, especially in patients heavily
pretreated with purine analogues.
For some patients with relapsed FL, the application of newer

therapies should be considered within the context of a clinical
trial. Emerging novel therapies for the treatment of FL are dis-
cussed below.

Transplantation in relapsed FL
Both autologous and allogeneic HSCT have a role in a subset of
patients with relapsed or transformed FL.

Autologous stem cell transplantation
A number of non-randomized studies performed before the
widespread use of rituximab suggested that ASCT prolongs PFS
in relapsed FL compared to historical controls treated with stan-
dard chemotherapy. The CUP trial performed in Europe ran-
domized patients who responded to three cycles of CHOP at
relapse to either three further cycles of chemotherapy or ASCT.
A significant improvement in OS for patients receiving ASCT
was demonstrated (2-year OS, 71% versus 46%, HR 0.4 (95%
CI 0.18–0.89), P = 0.026). Long-term follow-up of a number of
series have indicated that there is a plateau in the survival curves
approximately 10 years after ASCT with 12-year OS of 48% in
one study suggesting possible cure in somepatients.Whilst these

data confirm the benefit of ASCT in the treatment of relapsed
FL, the studies were performed in the prerituximab treatment
era, which makes the application of these findings to today’s
patients difficult, especially given the relative toxicity of ASCT.
Secondmalignancies are the most common cause of late non-

relapse mortality after ASCT. Although patient age, number of
prior chemotherapeutic regimens and use of fludarabine, etopo-
side and alkylating agents may predispose patients to myelodys-
plastic syndrome (MDS) or acute myeloid leukaemia (AML), it
is now clear that ASCT independently adds to the overall risk.
The use of total body irradiation (TBI) in the conditioning regi-
men is logical, due to the radiosensitivity of FL, but also further
increases the risk of subsequent MDS/AML and so is now rarely
used.
Despite the plateau in survival after ASCT reported in some

series, most patients will eventually relapse due to contamina-
tion of the harvest product with lymphoma cells or proliferation
of malignant cells that survived conditioning. Molecular remis-
sion before transplantation appears to be linked to improved
PFS. Therefore, purging the stem cells in vivo with rituximab
before harvest, and further rituximab post transplant to eradi-
cate residual cells that survived high-dose chemotherapy have
both been assessed. The European Group for Blood and Bone
Marrow Transplantation (EBMT) LYM1 study assessed in vivo
purging with rituximab prior to PBSC harvesting and mainte-
nance rituximab for 2 years post transplant in a randomized
trial of rituximab-naı̈ve patients in second or subsequent remis-
sions. Although no benefit from prior in vivo purging was iden-
tified, the second randomization to maintenance or observation
showed a significant improvement in PFS with maintenance.
Again, it is difficult to interpret how this finding fitswith patients
who are now almost universally not rituximab näıve at the time
of relapse.
In summary, ASCT is a powerful therapeutic option in the

management of relapsed FL. It is recommended for the consol-
idation of remissions in relapsed disease, especially in patients
with poor-risk features, such as short duration of response or
high FLIPI score, but consideration should also be given to allo-
geneic HSCT in this setting (see below).

Allogeneic stem cell transplantation
Despite the advances in treatment of FL over recent years, it
remains incurable in most cases. In a subset of younger patients
with high-risk relapsed FL who have a suitable donor, allogeneic
HSCT offers the possibility of cure. Reduced-intensity condi-
tioning (RIC) HSCT is increasingly used over myeolablative
conditioning for FL, due to its lower transplant-related mortal-
ity (TRM) and enhanced graft-versus-tumour effect. The results
from a number of retrospective and registry studies of RIC allo-
geneic HSCT in FL suggest a relapse rate of 10–44% and TRMof
11–40% at 3 years, thus the 3-year OS is approximately 50–65%.
The best published results are from a UK series of 82 patients
treated with T-deplete RIC allogeneic HSCTs in whom the TRM
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was very low (15%), with an excellent 4-year PFS of 76%; the
median age of these patients was 45 years, which highlights that
this intensive intervention is not applicable tomost patients with
FL, the median age of whom is 64 years at presentation.
At present RIC allogeneic HSCT is recommended for patients

who relapse after prior ASCT, and should also be considered in
younger patients with early relapse and high-risk disease charac-
teristics, although there have been no prospective trials assessing
autologous versus allogeneic transplantation.

Novel therapies for FL

There are a large number of new therapies that are currently
being assessed in the treatment of B-cell lymphoproliferative dis-
orders, including FL, and it is likely that they will find a role
in both the relapsed and first-line settings. Novel approaches
include the new generation of anti-CD20 antibodies, restor-
ing the immune response against the tumour, inhibiting the
B-cell receptor or its downstream pathways, inhibiting BCL2 or
immunoconjugates. These are discussed briefly below.
There are several new anti-CD20 monoclonal antibodies cur-

rently being assessed in clinical trials, including ofatumumab
and GA101 (obinutuzumab), which have a higher affinity for
CD20 than rituximab and have been shown to lead to increased
antibody-dependant cellular cytotoxicity in vitro. Studies in
relapsed disease show efficacy as single agents and that they
can be safely combined with chemotherapy to good effect with-
out apparent increased toxicity over rituximab. A large inter-
national trial is underway, comparing rituximab chemotherapy
with GA101 chemotherapy, followed by rituximab or GA101
maintenance in previously untreated FL and other low-grade
NHLs.
Lenalidomide has been shown to be effective in FL and

other NHLs. The mechanism of action is not completely under-
stood, but probably includes direct cytotoxicity and restoration
of the immune response against the tumour. As a single agent,
lenalidomide gave response rates of only 23% in relapsed dis-
ease, but much higher response rates have been achieved when
it has been usedwith rituximab in either the relapsed (ORR74%)
and more recently in the first-line setting (ORR 93%).
Other emerging therapies that directly influence themicroen-

vironment include the anti-PD1 antibody, pidilizumab, which
has considerable clinical efficacywhenused in combinationwith
rituximab in patients with relapsed FL, perhaps through restora-
tion of the anti-tumour immune response.
Exciting results are being achieved in various B-cellmalignan-

cies by targeting the downstream signalling of the B-cell recep-
tor with agents such as the PI3Kδ inhibitor idelalisib or the Bru-
ton’s tyrosine kinase (BTK) inhibitor ibrutinib, and results from
early-stage clinical trials of these agents in low-grade NHL are
very promising, with high response rates, even in patients who
have received many previous lines of treatment.

The proteasome inhibitor bortezomib has been tested in
relapsed FLwith low response rates as a single agent and anORR
of approximately 60% in combination with rituximab. It has also
been added to R-CHOP, giving an ORR of 90%, but significant
neurotoxicity was a problem. The combination of bortezomib,
bendamustine and rituximab gave a high response rate, but rel-
atively short duration of response in a Phase II trial. Bortezomib
may not be as active in FL as in other NHLs.
Inhibition of BCL2 with compounds such as the small

molecule inhibitor ABT-199 restores the tumour cell’s ability to
undergo apoptosis. Early-phase clinical trials show a very high
level of activity, even in heavily pretreated patients.
Other novel treatment approaches include antibodies conju-

gated to chemotherapeutic agents such as inotizumab ozogam-
icin (anti-CD22 conjugated to calicheamicin) and histone
deacetylase inhibitors such as vorinostat.
It is likely that the treatment for FL is going to change radically

over the coming years and it is possible that treatment compris-
ing of immunotherapy (rituximab or another anti-CD20 anti-
body) and novel, non-chemotherapy agents will replace current
treatments. Numerous clinical trials with long follow-up will
be required to determine the optimal combinations, doses and
duration of these agents in induction and maintenance therapy.
To facilitate the introduction of new treatments, parallel investi-
gation into the use of surrogate end points and the development
of biomarkers to predict which patients will benefit most from
which treatments will be needed.

Management of transformed FL

FL has approximately a 3% per year risk of transformation to
high-grade lymphoma; this often occurs relatively early in the
course of the disease and may be accompanied by the devel-
opment of B symptoms, high LDH and nodal or extranodal
masses that may grow rapidly and often discordantly from other
involved areas. Areas of transformation have high SUVon FDG-
PET scans and this has been used to guide biopsies. In the pre-
rituximab era, the outcome after chemotherapy was poor, with
reported median survival of 1.2–1.8 years, although better out-
comes are reported for patients reaching CR after treatment.
There is limited evidence to direct the optimal therapy of

transformed FL. For patients who have not previously received
anthracyclines, CHOP should be used, but if CHOP was used
previously then alternative salvage regimens should be con-
sidered, such as ESHAP, ICE or IVE. In most cases, ritux-
imab is added to chemotherapy regardless of prior rituximab,
as long as the tumour continues to express CD20, but this
has not been assessed in randomized trial and it is unlikely
that it will be. Radiotherapy can be added to chemotherapy
if the disease at time of transformation is of limited stage. If
remission is achieved, consolidation with high-dose therapy
followed by ASCT is often performed in patients able to tol-
erate this approach. There is some evidence that previously
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untreated patients with transformed FL have a good outcome
following R-CHOP, and ASCT may be omitted in this cohort.

Suggested algorithm for management of FL
� If grade 3b, treat as high-grade lymphoma.
� If early-stage disease is confirmed by comprehensive stag-
ing investigations (bone marrow aspirate and trephine, and
FDG-PET scan, if available), treatment is with 24 Gy localized
radiotherapy; other options should routinely only be considered
within clinical trials.
� If advanced-stage asymptomatic disease, standard of care is
watch andwait; if treatment is considered there is some evidence
for single-agent rituximab, but the long-term implications of this
are not known.
� In symptomatic advanced-stage disease, standard of care is six
to eight cycles of rituximab plus chemotherapy. The chemother-
apy of choice is not clear, but CHOP may be superior to CVP
in patients who can tolerate it, and bendamustine superior to
CHOPwith lower toxicity. Fludarabine-based treatments are not
recommended in the first-line setting
� For patients who are unable to receive full-dose immuno-
chemotherapy, consider attenuated chemotherapywith full-dose
rituximab or rituximab alone.
� Consolidation of first remission with rituximab maintenance
for 2 years is recommended inmost instances, with evidence that
this prolongs remissions and time to next treatment, but no evi-
dence that it prolongs survival.
� Relapsing patients should be re-staged and repeat biopsy
should be performed wherever possible. Treatment depends
on stage at relapse, prior treatments and duration of previous
remission.
� ASCT is a useful treatment option for patients achieving sec-
ond or subsequent remissions. There is a lack of evidence to
guide when it is best used in the rituximab treatment era.
� Allogeneic haematopoietic stem cell transplantation after
reduced-intensity conditioning can be considered in younger
patients, with a suitable donor, who have aggressive early
relapsed disease.
� Transformation has a poor prognosis and optimal treatment
is not known. Options include CHOP, salvage regimens (e.g.
ESHAP) with ASCT in patients achieving remission.
� Novel therapies are highly promising, but good-quality ran-
domized trials are required to understand how these treatment
options should best be used.

Marginal-zone lymphomas

There are three types of marginal-zone lymphoma (MZL):
nodal, splenic and extranodal lymphomas of mucosa-
associated lymphoid tissue (MALT). MALT lymphomas are the

commonest of these, representing about 8% of all B-cell NHLs,
of which at least one-third are primary gastric lymphoma.MZLs
are characterized by the presence of mature B cells expressing
surface immunoglobulin, CD20 and pan-B-cell markers and
are typically negative for CD5 and CD10. Their pathology is
covered in detail in Chapter 31. There is strong evidence that
the pathogenesis of theMZLs is linked to inflammation, chronic
antigenic stimulation and autoimmunity.

MALT lymphoma

Themean age of patientswithMALT lymphomas at presentation
is 60 years. Presentation depends on the site(s) of involvement;
B symptoms are rare. These lymphomas are often localized to
the site of origin, but disseminated disease is reported in 25%
and 46% of cases of gastric and non-gastric MALT lymphoma,
respectively. The commonest sites of presentation are stomach
(33%), intestine (3–9%), salivary glands (16%), orbit (10–12%)
and lung (6–10%). Dissemination can be either to other sites
of mucosal tissue or to lymph nodes, bone marrow, spleen or
liver. MALT lymphomas typically follow an indolent course, but
transformation to high-grade disease is reported in about 10%of
cases. The relatively frequent finding of disseminated disease at
presentation indicates the need for comprehensive staging inves-
tigations, which, in addition to cross-sectional imaging and bone
marrow biopsy, should include investigations appropriate to the
site of presentation. The use of FDG-PET scanning is not rou-
tine, asMZLhas a lowproliferation fraction and is not uniformly
FDG-avid. There is a lack of consensus regarding optimal stag-
ing since the Ann Arbor system does not adequately cover the
breadth of presentations and therefore does not accurately guide
treatment decisions or prognosis.

Gastric MALT lymphoma
The stomach is themost common site ofMALT lymphomas. It is
often diagnosed at endoscopy performed for the investigation of
upper gastrointestinal tract symptoms (dyspepsia, pain, bleed-
ing) or anaemia. Investigation should include endoscopic biopsy
from each region of the stomach and duodenum, with sam-
ples sent for histopathology, cytogenetics to detect the t(11;18)
translocation, and for determination ofHelicobacter pylori sta-
tus, which can be performed histologically as well as by urea
breath test or serological testing. The depth of lymphoma pene-
tration has prognostic importance and can be assessed by endo-
scopic ultrasound.
It has been demonstrated that chronic inflammation sec-

ondary to H. pylori infection is strongly linked to the develop-
ment of gastric MALT lymphoma. H. pylori-positive, localized
gastric MALT lymphoma can be effectively treated by clearance
of H. pylori infection with triple therapy, typically consisting of
a proton pump inhibitor in combination with amoxicillin and
clarithromycin. This approach is most effective in cases where
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the disease is limited to the mucosa without nodal involvement
and when t(11;18) is not detected. There is a wide range in the
reported CR rate with this approach, which is partly due to dif-
ferences in response criteria used, but CR rates of 60–90% have
been reported, with low relapse rates of between 5–17%. The
time to histological remission is also variable: the median time
for optimal response is 6 months, but can be up to 24 months
after H. pylori eradication.
The addition of chemotherapy after treatment for H. pylori

was assessed in the LY03 trial (chlorambucil versus observation
after H. pylori eradication). Although the power of this study
was low, it demonstrated that there was no benefit in PFS or OS
through the addition of chlorambucil, and therefore consolida-
tion with chemotherapy after successfulH. pylori eradication is
not routinely used.
Based on the available data, it is reasonable to treat local-

ized disease with H. pylori eradication therapy, followed by
strict endoscopic follow-up, including multiple biopsies two
months after therapy to confirm elimination of the bacteria,
with repeated endoscopies and biopsies at least twice per year
for 2 years to assess histological regression of the tumour.
Even when histological CR has been achieved, a population of
monoclonal B cells remain detectable by PCR in approximately
50% of patients; the clinical implication of this is not yet clear.
Cases with the t(11;18) translocation are frequently resistant

toH. pylori eradication, but have a low rate of high-grade trans-
formation; although eradication therapy may be attempted it is
unlikely to lead to remission and additional treatment options
should be considered.
There is limited evidence to guide the optimal treatment of

patients with localized disease that is H. pylori negative, or
fails to respond to eradication therapy. In cases of unsuccess-
ful eradication, a second-line high-dose antibiotic regimen may
be administered. If the tumour fails to regress, despite second-
line therapy, or in cases of H. pylori-negative localized dis-
ease, chemotherapy (e.g. oral cyclophosphamide/chlorambucil)
in combination with rituximab, radiotherapy, surgery or com-
binations of these may be tried. Data from small series sug-
gest that 30 Gy involved field radiotherapy to the stomach is
highly effective for patients with stage I/II disease, providing a
5-year disease free survival of 93%, and this is a suitable treat-
ment option for some patients with limited-stage disease that is
H. pylori negative, fails to respond to eradication therapy or car-
ries the t(11;18) translocation. A randomized trial comparing
rituximab in combination with chlorambucil versus chlorambu-
cil alone in MALT lymphoma (including patients with localized
gastric MALT lymphoma that was resistant to antibiotic ther-
apy) has demonstrated improvements in CR rate and EFS, but
no difference in OS through the addition of rituximab. Given
the indolent nature ofMALT lymphoma, advanced stage disease
can bemanagedwith close observation in asymptomatic cases or
with chemotherapy in combination with anti-CD20monoclonal
antibody therapy in those who are symptomatic. There is no

evidence at present that maintenance anti-CD20 immunother-
apy is beneficial.

Non-gastric MALT lymphoma
Non-gastric MALT lymphomas can arise at many sites, often
in response to chronic infection, inflammation or autoimmune
disease. Ocular adnexal MALT lymphoma is linked to infec-
tion with Chlamydia psittaci, MALT lymphoma of the thy-
roid is associatedwithHashimoto’s thyroiditis and salivary gland
MALT lymphoma is more common in patients with Sjogren’s
syndrome. Disseminated disease is more frequently identified in
non-gastric than gastric MALT lymphomas.
The management of non-gastric MALT lymphoma depends

on site, stage and the presence or absence of symptoms.
Radiotherapy is often effective in early-stage disease, doses of
25–35 Gy are typically used and this leads to local control and
long-term freedom from disease in a high proportion of cases.
In general, advanced-stage disease can be managed with obser-
vation alone until such a time as symptoms develop. Advanced-
stage symptomatic disease may be treated with chemotherapy in
combination with rituximab; radiotherapy retains a role for the
management of local symptoms.
OAML may be effectively managed with antibiotics alone;

analysis of seven studies (four retrospective) comprising 131
patients, mostly treated with doxycycline, found an overall
response of 45%, with 25-month median follow-up. Interest-
ingly, responses are seen, even in patients in whom Chlamydia
psittaci cannot be detected, but best responses were attained in
patients with evidence of infection. Similar responses to antibi-
otics have not been observed in MALT lymphoma occurring at
other sites.

Splenic marginal-zone lymphoma

Splenic marginal-zone lymphoma (SMZL) is a rare disorder,
comprising less than 2% of lymphoid neoplasms. SMZL often
presents with splenomegaly, moderate lymphocytosis with bone
marrow involvement and associated cytopenias. The circulating
lymphocytes are characterized by the presence of cytoplasmic
projections, and are termed villous lymphocytes. Splenic hilar
lymph nodes may be infiltrated, but peripheral lymph nodes
and extranodal sites are usually spared. Bone marrow infiltra-
tion is typically intrasinusoidal. A paraprotein, usually IgM, can
be detected in up to 25% of cases, and autoimmune phenom-
ena occur in 20% of patients. The immunophenotype of SMZL
is not unique and the diagnosis therefore requires the exclu-
sion of other B-cell NHLs (see Chapter 31). There is no pathog-
nomonic chromosomal aberration associated with SMZL; allelic
deletion of 7q32 appears in around one-third of patients and
there is conflicting evidence as to whether this deletion defines
an unfavourable prognostic subgroup. There is a possible asso-
ciation with hepatitis C virus (HCV) infection in some cases;
a Japanese group identified HCV in 36% of SMZL cases and,
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in areas where HCV is endemic, higher rates of SMZL are
recorded.
SMZL has a generally indolent course, even where there is

marrow involvement; approximately 10%of cases will eventually
transform to high-grade lymphoma. The median OS is approx-
imately 10 years. A prognostic index comprising haemoglobin
<120 g/L, LDH greater than upper limit of normal, and serum
albumin <35 g/L has been proposed with 5-year survivals of
88%, 73%, and 50% in the low- (no risk factors), intermediate-
(one risk factor) and high-risk (more than one risk factor)
groups, respectively. No definitive curative therapy has been
established and therefore therapeutic intervention is generally
reserved for patients with symptomatic disease; up to 50% of
patients never require treatment.
Splenectomy has been the principal treatment for symp-

tomatic patients or those with cytopenias, providing they are
fit enough to undergo this procedure. Splenectomy results in
resolution of cytopenias and improvement in quality of life in
up to 90% of patients, but does not lead to resolution of mar-
row infiltration or lymphocytosis. The median time to next
treatment after splenectomy is 8 years. Retrospective studies
have reported better OS in splenectomized patients than those
treated with chemotherapy, although this may reflect selection
bias. Splenic irradiation may be considered in patients with
poor performance status or as a palliative measure. Single-
agent rituximab leads to durable remissions in up to 90% of
patients in retrospective studies, and rituximab in combina-
tion with chemotherapy is increasingly used as an alternative to
splenectomy.
There are reports of patients with SMZL and concurrent

HCV infection being successfully treatedwith interferon-α, with
or without anti-viral therapy, which has been associated with
durable partial and occasional complete remissions. New drug
treatments for HCV that show high response rates need fur-
ther investigation as a treatment modality in this subgroup of
patients.
Given that there is upregulation of NFκB and evidence of

dependency on signalling through the B-cell receptor in SMZL,
new treatments being used in other B-cell lymphomas, which
require further investigation, include the proteasome inhibitor
bortezomib and BTK inhibitors such as ibrutinib.

Nodal marginal-zone lymphoma

Nodal marginal zone-lymphoma is a rare entity comprising
approximately 10% of MZL. There is little evidence to guide the
optimal management and therefore recommendations tend to
follow those for other low-grade NHLs, i.e. in localized disease,
radiotherapy is effective and may be curative, in advanced-stage
asymptomatic disease, a watch and wait approach is acceptable,
whilst in symptomatic advanced-stage disease, chemotherapy in
combination with rituximab is frequently used.

Waldenström macroglobulinaemia

Waldenströmmacroglobulinaemia (WM) is a clinical syndrome
that occurs in patients with a pathological diagnosis of lympho-
plasmacytic lymphoma. WM represents a clonal expansion of
post-germinal-centre lymphoid cells expressing IgM, CD19 and
CD20, with an associated IgM paraprotein. A point mutation in
theMYD88 gene leading to activation of NFκB and other path-
ways has recently been identified in 90–100% of cases of WM
and this may help to distinguish it from other lymphomas with
a similar phenotype. It is mainly a disease of the elderly, with a
median age at presentation of over 70 years and a median sur-
vival fromdiagnosis of 60months.WMis rare, with an incidence
in the UK of 0.55 per 100,000 per year.
High IgM levels of greater than 50 g/L may cause hypervis-

cosity syndrome, with symptoms including fatigue, headache,
blurred vision,mucosal bleeding, impaired cognition or reduced
level of consciousness. Other clinical manifestations of WM
include haemostatic abnormalities, polyneuropathies (which
may be related to anti-myelin-associated glycoprotein (MAG)
antibodies), cryoglobulinaemia, cold agglutinin haemolytic
anaemia (CHAD), acquired vonWillebrand’s disease and, rarely,
the consequences of light-chain tissue deposition such as
amyloidosis.
Depending on the degree of marrow infiltration, patients

may present with mild anaemia or with severe pancytopenia.
Anaemia is the most common indication for initiation of treat-
ment. Approximately one-third of patients presents with lym-
phadenopathy, splenomegaly or hepatomegaly.
Factors predictive of poor prognosis include age over 65 years,

haemoglobin less than 115 g/L, thrombocytopenia, serummon-
oclonal protein concentration above 70 g/L and raised β2MCG.
These factors form the basis of the International Prognostic Stag-
ing System for WM (IPSSWM) which defines three risk groups
(see Table 33.5).
Response assessment in WM is according to the Interna-

tional Workshop on WM (IWWM) guidelines and includes

Table 33.5 Risk stratification in Waldenström
macroglobulinaemia according to the International Prognostic
Scoring system for WM.

Risk group
Number of risk
factors

Median survival
(months)

Low 0–1 (except age) 143
Intermediate Age (alone) or any

two risk factors
99

High 3–5 44

Risk factors: Age >65 years, haemoglobin ≤115 g/L, platelet count
≤100 × 109/L, β2MCG >3 mg/L, monoclonal IgM >70 g/L.
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assessment of serum paraprotein, bone marrow infiltration,
lymphadenopathy/organomegaly (if present at baseline), as well
as assessment of signs and symptoms attributed to the disease.
Assessment of bonemarrow is particularly important and serum
IgM should not be used alone to assess response, especially after
rituximab therapy. Responses can be slow to achieve in WM
and the timing of response assessment needs to be carefully
considered.

Management of Waldenström
macroglobulinaemia

A ‘watch and wait’ approach is appropriate for asymptomatic
patients, but most patients will eventually require treatment.
One study showed that 59% of patients progress within 5 years
and 75% of patients eventually require treatment with a median
follow-up of 15 years. Indications for treatment have been
defined by the IWWM and include constitutional symptoms,
symptomatic lymphadenopathy or splenomegaly, hyperviscos-
ity syndrome, haematological suppression due to marrow infil-
tration and IgM-related syndromes (including CHAD and neu-
ropathy). Patients presenting with hyperviscosity symptoms or
asymptomatic high plasma viscosity in the presence of comor-
bidities, should receive adjuvant plasmapheresis.
Alkylating agents such as chlorambucil with or without pred-

nisolone have been the mainstay of treatment for patients with
symptomaticWM, producing remissions in 50–75% of patients.
Several studies have shown rituximab to be active in WM, lead-
ing to responses in up to 50% of previously untreated patients
when used as a single agent, and a rituximab-containing regi-
men should now be used in the treatment of all patients with
symptomatic WM. Rituximab can cause a sudden rise in serum
IgM and viscosity in some patients, the so called ‘IgM flare’
phenomenon, and can occur in up to a quarter of rituximab-
treated patients, therefore, close monitoring for evidence of
hyperviscosity is recommended. A number of groups have rec-
ommended omitting rituximab until the second or third cycle
of chemotherapy, which seems a sensible precaution; alterna-
tively, pre-emptive plasmapheresis may be used alongside sys-
temic therapy in patients with a high serum IgM.
Frontline therapy of WM should now include rituximab

in combination with one of: dexamethasone and cyclophos-
phamide, with a 2-year PFS 67%, a suitable regimen for frail
elderly patients; bendamustine (ORR 86%); or purine analogues,
which are active in both previously untreated patients and those
who fail to respond to alkylating agents or in relapsed disease,
with response rates of 38–85% and 30–50%, respectively. Dis-
advantages of purine analogue therapy include prolonged lym-
phopenia with consequent risk of infections; prophylaxis against
opportunistic infections with aciclovir and cotrimoxazole or
pentamidine during treatment and for approximately 6 months
after treatment is therefore essential. Another concern is the
well-recognised risk of Richter transformation that occurs in

in 5–10% of WM patients and the development of secondary
MDS/AML in patients treated with purine-analogue-containing
regimens. These data favour limiting exposure of WM patients
to nucleoside analogues, particularly younger patients. The high
response rates and low toxicity of bendamustine make this a
suitable first-line treatment option in WM, especially if there
is disease bulk, it does not appear to prevent successful stem
cell harvest. There is some evidence from retrospective series
that maintenance rituximab improves PFS and time to next
treatment in patients responding to rituximab-containing regi-
mens and this is currently being assessed prospectively following
bendamustine-rituximab induction.
Bortezomib has been shown to be effective as a single

agent or in combination with dexamethasone and rituximab.
Response rates of up to 83% are reported and the time to
response is short, making this useful when rapid disease con-
trol is needed, for example if there is a high IgM parapro-
tein. The current UK ‘R2W’ trial is randomizing patients with
previously untreated WM to either FCR or BCR (bortezomib,
cyclophosphamide, rituximab). Neurotoxicity is the principal
concern with bortezomib-based therapies and close monitoring
is required.
The immunomodulatory drugs thalidomide and lenalido-

mide have been demonstrated to be effective either as single
agents or in combination with steroids or rituximab, although
neuropathy limits the use of thalidomide and profound anaemia
has been reported with lenalidomide.
Everolimus, an inhibitor of the mammalian target of

rapamycin (mTOR) pathway shows activity and is currently
being assessed prospectively, the selective BTK inhibitor ibruti-
nib has also been shown to be active in a number of prospective
studies and in a recently published trial inducing high levels of
durable responses specifically in patients whose cells express
the MYD88 mutation. This has led to ibrutinib gaining a US
license in this setting.
It remains to be seen whether the new generation of anti-

CD20 monoclonal antibodies, such as obinutuzumab (GA101)
or ofatumumab are superior to rituximab in WM. A combina-
tion of novel agents with chemotherapy or immunotherapy may
increase treatment efficacy by inhibiting diverse pathways that
are important for tumour growth and survival.

Stem cell transplantation for Waldenström
macroglobulinaemia
Several small studies have reported encouraging results with
autologous SCT in heavily treated patients, giving high response
rates (95%), with improved PFS in some patients. However, at
least 50% of patients subsequently relapse, and the impact of
this approach on long-term survival is not known. Autologous
transplantation is most appropriate in younger, fitter patients
with chemosensitive disease and short duration of response to
first therapy. There is evidence to suggest a graft-versus-disease
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effect inWM and, therefore, allogeneic HSCTmay be appropri-
ate in some young patients, with a 5-year PFS of 49–56% and
OS of 62–64% reported. The 3-year non-relapse mortality was
33% after myeloablative conditioning and 23% after reduced-
intensity conditioning in the largest registry series reported to
date. The emergence of many new treatment options in WM
makes it difficult to define the place of allogeneic HSCT inWM.

Guidelines for management of Waldenström
macroglobulinaemia

The IWWMpublished recommendations for the treatmentWM
in 2009 and these have been updated in 2014 to incorporate ben-
damustine and bortezomib in first-line treatment options, whilst
CHOP and purine analogues are no longer considered first-line
options. Suggestions for the management of WM, taking into
account the 2009 and 2014 IWWM recommendations are pre-
sented below:
� First-line treatment for symptomatic patients should be
with DRC, bendamustine-rituximab, or bortezomib-rituximab.
CHOP and purine analogue based treatments are not recom-
mended inmost cases. Frailer elderly patients can be treatedwith
single-agent rituximab or oral fludarabine.
� Patients with relapsed disease can be treated with an alterna-
tive first-line agent or with the same agent again. In the salvage
setting, re-use of a first-line regimen or use of a different regimen
should be considered alongside novel agents, preferably within
a clinical trial.
� Autologous SCT may be considered for patients with refrac-
tory or relapsing disease.
� Allogeneic transplantation should usually only be undertaken
in the context of a clinical trial.
� Plasmapheresis should be considered as interim therapy until
definitive therapy can be initiated.
� Patients withWM should be enrolled into clinical trials when-
ever possible.
� Patients should be stratified according to the IPSSWM.
� Response assessment should be according to the IWWM
criteria.

Mantle-cell lymphoma

Mantle-cell lymphoma (MCL) comprises approximately 5% of
all NHL cases. It typically occurs in older patients with a median
age at diagnosis of 65 years and is more common in males. Most
cases are characterized by the translocation t(11;14)(q13;q32)
leading to over-expression of cyclin D1 and subsequent cell-
cycle dysregulation. Upregulation of the neural transcription
factor SOX11 has been identified in 90% of cases. MCL is staged
according to the Ann Arbor system, presentation is usually with
advanced-stage disease and extranodal involvement is common,

often involving the gastrointestinal tract. CNS involvement is
rare at presentation, but may occur at relapse. MCL is typically
FDG-avid and therefore FDG-PET scanning is increasingly used
for staging and response assessment.

Prognosis in MCL

MCL has a worse prognosis than the other ‘low-grade’ NHLs;
the median overall survival is only 3–5 years, but in approxi-
mately 15% of patients the disease has a more indolent course.
Patients with indolent disease usually have lymphocytosis and
splenomegaly, with infrequent nodal involvement. These cases
are also associated with hypermutated immunoglobulin heavy-
chain variable gene and the absence of SOX11.
Patients with MCL can be stratified into three main prog-

nostic groups according to the MCL International Prognostic
Index (MIPI), which incorporates age, performance status, LDH
and leucocytosis. The low-risk MIPI group has a median OS in
excess of 5 years, whilst the OS in the intermediate- and high-
riskMIPI groups is only 51months and 29months, respectively.
Additional factors that may affect prognosis include Ki67 score,
β2MCG and CNS involvement. Ki67 has now been incorpo-
rated into the MIPI score to give a ‘biological MIPI’ (MIPIb),
although significant interobserver variability in quantification of
Ki67 limits its general applicability.

First-line management of MCL

The management of MCL is now undergoing rapid change,
as increased understanding of the pathways implicated in the
pathogenesis of the disease is leading to the use of novel, molec-
ularly targeted therapies.
The majority of patients require therapy at presentation, but

approximately 25%of patientsmay be observed initially, and ret-
rospective data show that this delays initiation of therapy for a
median of 12 months. In the rare cases of early stage-I disease,
radiotherapy, with or without adjuvant chemotherapy, can lead
to durable remissions.
The addition of rituximab to first-line chemotherapy

increases overall response and CR rates, PFS and, in at least two
studies, improvements in OS. Rituximab plus one of the ‘stan-
dard’ chemotherapy regimens such as CHOP, FC (fludarabine
and cyclophosphamide), MCP (mitoxantrone, cyclophos-
phamide, prednisolone), FCM (fludarabine, cyclophosphamide,
mitoxantrone) or bendamustine leads to an ORR of 71–96%
with a CR rate of 32–60%, but the risk of relapse is high, the
median PFS in these studies ranging between 17–37 months.
The optimal chemotherapy regimen has not been established,
but the European MCL network trial found that R-CHOP was
significantly better than R-FC, partly due to lower toxicity,
and the R-bendamustine trial published by Rummel and
colleagues demonstrated a PFS advantage for R-bendamustine
over R-CHOP in the 94 patients who had MCL with a median
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PFS of 35 versus 22 months. Single-agent rituximab has low
efficacy in MCL and should only be considered if chemother-
apy is contraindicated. The European MCL network trial for
elderly MCL patients included a second randomization to
rituximab or interferon maintenance and reported a PFS and
OS benefit for rituximab maintenance; this should therefore
be considered in patients not fit for more intensive therapies
(see below).
Despite high remission rates with ‘standard’ rituximab-

chemotherapy combinations, remissions are typically short lived
and therefore, in patients who can tolerate it, a more inten-
sive treatment strategy is appropriate. There is evidence from
large, albeit non-randomized Phase II studies, that intensive
chemotherapy followed byASCT in first remissionmay be supe-
rior to standard treatment; this observation is independent of
rituximab use. In the Nordic 2 study, 160 patients were treated
with dose-intense R-CHOP (R-maxi-CHOP), alternating with
cycles of rituximab plus high-dose cytarabine followed byASCT.
The CR rate after ASCT was 90% and an impressive 10-year OS
of 58% has been reported. The success of this regimen may well
be due to the intensive use of cytarabine and in vivo purging
with rituximab prior to harvest.
A randomized trial by the EuropeanMCL network in patients

<65 years of age demonstrated improved survival, with three
cycles of R-CHOP and three cycles of R-DHAP (dexametha-
sone, cytarabine, cisplatin), followed by high-dose cytarabine-
based ASCT, than with six cycles of R-CHOP followed by
standard myeloablative ASCT, confirming the importance of
cytarabine in the context of intensive therapy in the treatment
of MCL. Despite this, the role of ASCT has not been definitively
confirmed in any prospective RCT.
A dose-intensified approach with rituximab, hyperfraction-

ated cyclophosphamide, vincristine, doxorubicin and dexa-
methasone, alternatingwith high-dosemethotrexate and cytara-
bine (R-Hyper-CVAD) without ASCT also achieved very high
response and survival rates in Phase II studies, but it is associ-
ated with significant dose-limiting toxicity.
For patients fit enough to tolerate an intensive treatment

approach, standard of care would be a first-line chemother-
apy regimen, incorporating rituximab and high-dose cytarabine,
with ASCT consolidation. The achievement of molecular remis-
sion by flow cytometry or PCR has been independently associ-
ated with improved outcome after a variety of treatments, but it
is not yet routinely used to inform treatment decisions outside
of clinical trials. For less fit patients, the optimal treatment at
present is either rituximab-bendamustine or R-CHOP, followed
by rituximabmaintenance. Novel agents are likely to change this
approach in the near future.
Allogeneic transplantation is usually reserved for patients

with relapsed disease and best outcomes have been achieved
with reduced-intensity conditioning in patients with chemosen-
sitive relapse. A retrospective analysis of reduced-intensity allo-
geneic HSCT for MCL reported to BSBMT comprising 70

patients showed a 5-year relapse risk of 67%, PFS of 14% and
OS of 37% with a TRM of over 20% at 1 year.

Relapsed disease and novel treatments

There is no standard treatment for relapsed MCL. Treatment
decisions should be based on duration of response to prior treat-
ments and performance status. Therapeutic options in relapsed
disease are now changing rapidly, with the introduction of
numerous novel therapies, and some of these options are now
also being investigated in the first-line setting.
Bortezomib is highly efficacious in MCL and has been used

either alone or in combination with chemotherapy regimens
such as CHOP or R-CHOP in the relapsed setting, and it is now
being assessed in prospective trials as part of first-line treatment.
Targeting B-cell receptor signalling pathways with drugs such

as the BTK inhibitor ibrutinib or the PI3Kδ inhibitor idelalisib
is a promising approach, with high response rates in multiply
relapsed patients. The addition of ibrutinib to bendamustine-
rituximab is now being assessed as first-line therapy in patients
>65 years.
Lenalidomide is also a highly effective single agent in MCL

and is also currently being evaluated in conjunction with
bendamustine-rituximab in newly diagnosed elderly patients,
with ibrutinib in relapsed disease and as a maintenance strategy
with rituximab.
Temsorilimus and everolimus are mTOR inhibitors that have

been demonstrated to be active in relapsed MCL and are now
also being investigated in the frontline setting.
As in FL, BCL2 inhibitors such as ABT-199 may prove to

be effective, although there is little data specifically in MCL at
present. Similarly, the new generation of anti-CD20monoclonal
antibodies will likely be of benefit in patients who are resistant
to rituximab and may prove more efficacious than rituximab in
first-line treatment too.
Given the numerous new treatment options in MCL it is clear

that wherever possible, patients should be enrolled in clinical
trials; this is especially true for relapsed disease.
First remissions of between 5 and 6 years are now being

achieved with intensive therapies in younger patients and with
somewhat shorter durations of first response in older patients;
MCL remains an incurable disease that significantly shortens life
expectancy in themajority of patients. It is to be hoped that novel
agents, including pathway inhibitors, will increase efficacy, with
no corresponding increase in toxicity.
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Introduction

The term high-grade non-Hodgkin lymphomas (NHL) orig-
inally referred to one of three categories defined by the
International Working Formulation (IWF) classification system
introduced in 1981 and included just three histological subtypes:
large-cell immunoblastic lymphoma, lymphoblastic lymphoma
andBurkitt lymphoma. Today a number of clonal heterogeneous
pathological entities fall under this broad umbrella term, which
in essence describes lymphomas that are fast-growing or highly
proliferative and considered as aggressive lymphomas (see also
Chapter 31). They exhibit distinct epidemiology, aetiology,
pathogenesis, morphologic, immunophenotypic and clinical
features. Paradoxically, despite the aggressive nature of the
lymphoma, a significant number of patients can now be cured
with the advent of more intensive combination chemotherapy
regimens. Recently, significant strides have been made in our
understanding of the molecular pathogenesis of lymphomas
and how this can be potentially translated into novel therapeutic
strategies.
This chapter will focus on the pathogenesis, clinical diag-

noses and management of the common high-grade lymphomas.
In addition, some of the rarer high-grade lymphomas (B- and
T-cell) will also be discussed. Common T-cell lymphomas are
covered in Chapter 28.

Epidemiology

High-grade lymphomas represent approximately 60% of all
NHLs, with diffuse large B-cell lymphoma (DLBCL) account-
ing for the bulk. The annual incidence rate varies markedly, as

expected,with lymphoma subtype and alsowith age, with partic-
ular types being more prevalent in children and younger adults,
whilst others are increased in elderly individuals. The overall
incidence of NHL has increased in the Western World over
recent decades, rising by 3–5% per annum, in part explained by
improved diagnostic techniques, increased life expectancy and
a somewhat higher incidence of NHL in immune-suppressed
patients. There remains a slight male predominance.

Classification of high-grade lymphomas

The classification of high-grade lymphomas is dependent
on morphological, immunophenotypic, immunohistochemical,
genetic and molecular features, which form the basis of the cur-
rent World Health Organization (WHO) classification system
(Table 34.1). Precise subtype classification is discussed in detail
in Chapter 31. Although most high-grade lymphomas fall into
well-defined categories based on their characteristic profiles,
there remain subgroups of patients with intermediate or over-
lap features that present a diagnostic and therapeutic challenge.
Newdevelopments in the understanding of the pathogenesis and
improvedmolecular diagnostic tools may further refine the cur-
rent classification system.

Aetiology

With the exception of a handful of high-grade NHL subtypes,
the causative factors that underpin lymphomagenesis are
unknown. Certain infectious agents are known to play a role
in the pathogenesis of specific high-grade lymphomas, such as
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Table 34.1 Classification of high-grade lymphomas in accordance
with WHO classification.

� Diffuse large B-cell lymphoma (DLBCL), NOS
� Primary mediastinal (thymic) large B-cell lymphoma
� Burkitt lymphoma
� B-cell lymphoma, unclassifiable, with features intermediate
between DLBCL and Burkitt lymphoma
� Primary central nervous system lymphoma
� Lymphomas associated with HIV infection
� Post-transplant lymphoproliferative disorders (PTLD)
� Peripheral T-cell lymphoma (covered in Chapter 28)

Rarer variants:
� Intravascular large B-cell lymphoma
� Plasmablastic lymphoma
� Primary effusion lymphoma
� Adult T-cell leukaemia/lymphoma
� Extranodal NK/T-cell lymphoma, nasal type
� Enteropathy-associated T-NHL
� Hepatosplenic T-cell lymphoma
� Anaplastic large-cell lymphoma (cutaneous and systemic)
� Aggressive NK-cell lymphoma

Epstein–Barr virus (EBV) in Burkitt lymphoma, post-transplant
lymphoproliferative disorders, plasmablastic lymphoma and
extranodal NK/T-cell lymphoma; human herpesvirus-8
(HHV8) in primary effusion lymphoma and multicentric
Castleman’s disease; and human T-cell lymphoma/leukaemia
virus 1 (HTLV1) in adult T-cell lymphoma/leukaemia. Immuno-
suppression as a result of human immunodeficiency virus (HIV)
or after allogeneic stem cell or orthotopic transplantation is a
well-recognized risk factor, with an increased incidence of lym-
phomas in this group of patients. Familial aggregation of high-
grade lymphomas has rarely been reported, suggesting there
is no clear genetic susceptibility. Scant epidemiological studies
have implicated occupational exposure to insecticides and pesti-
cides as a risk factor in the development of specific lymphomas.

However, the exact impact of these factors and their putative
role in contributing to lymphomagenesis is not apparent.

Molecular basis of lymphomas
(see also Chapter 18)

In the majority of lymphomas, chromosomal translocations
were considered the primary genetic event and have been the
most extensively studied genetic alteration. A common feature is
balanced reciprocal chromosomal translocation, mostly involv-
ing the immunoglobulin (IG) gene loci, usually the IGH locus
(14q32) or less often, the IGL loci (κ; 2p11 or λ; 22q11), and
a variety of partner oncogenes that subsequently become de-
regulated leading to apoptosis inhibition and/or uncontrolled
cell proliferation (Table 34.2).
Since the last edition of this chapter, the advent of newer

technologies, such as microarray chips and next-generation
sequencing (NGS) and reduced costs for its application, has
allowed the genetic landscape and molecular mechanisms that
underlie almost all of the major lymphomas to be enumerated at
amuch finer resolution. The details will be discussedwithin each
subtype.

Diagnosis

The diagnosis of high-grade lymphoma is made based on a
combination of clinical features, histological and, more recently,
molecular confirmation (Chapter 31).

Clinical features

High-grade lymphomas present in a variety of ways. Localized
or widespread painless lymphadenopathy is usually evident and
may be accompanied byB symptoms (unexplained fever of 38 ◦C
or higher, night sweats and loss of more than 10% of body

Table 34.2 Chromosomal translocations found in high-grade non-Hodgkin lymphoma.

Type of lymphoma Translocation Genes involved Frequency Effect of alteration

Burkitt lymphoma t(8;14)(q24;q32)
t(8;2)(p11/2;24)
t(8;22)(q24;q11)

c-MYC and IgH
c-MYC and Igκ
c-MYC and Igκ

100% Cell proliferation,
differentiation and
apoptosis

Diffuse large B cell
lymphoma

t(3;4)(q27;q32) and variants
t(14;18)(q32;q21)

BCL-6 and various partners
BCL-2 and IgH

35%
15–30%

Deregulated BCL6 activity
Apoptosis inhibition

8q24 and various partners c-MYC and IgL or other
non-IG genes

5-14%

Anaplastic large B
cell lymphoma

t(2;5)(p23;q35) ALK and NPM 80% Signal transduction
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weight in 6 months). Given the rate of tumour proliferation,
patients can present with compression symptoms and/or organ
dysfunction due to rapidly enlarging lymphadenopathy or extra-
nodal masses. Superior vena cava syndrome caused by a bulky
mediastinal mass is also more frequent in certain subtypes of
NHL, such as primary mediastinal B-cell lymphoma. Neurolog-
ical presentation due to CNS infiltration is rare, although not an
uncommon feature of Burkitt lymphoma. Unlike indolent NHL,
bone marrow involvement is less common, occurring in less
than 20%of cases, andhas been associatedwith poorer outcomes
despite intensive treatment. Patients can present with symptoms
secondary to deranged haematological or biochemical parame-
ters, such as anaemia and hypercalcaemia.

Laboratory investigations

Histological diagnosis from either excision or core biopsy of
a lymph node, bone marrow or extranodal mass is essential.
Fine-needle aspiration (FNA) has been used to exclude an infec-
tion (i.e. mycobacterial) or suggest lymphoma, but can lead
to delay in establishing a diagnosis. FNA should not be per-
formed, except in suspected cases of T-lymphoblastic lymphoma
or Burkitt lymphoma, when a diagnosis can be made on the
morphology and immunophenotype, and therapy can be urgent.
Immunohistochemistry is routinely performed on tissue sec-
tions of lymph nodes and, in specialized units, cytogenetic and
immunoglobulin or TCR rearrangement analysis, as well as,
more recently, DNA microarray and genetic mutation testing.
Anaemia at diagnosis is usually indicative of widespread

disease and may reflect a non-specific manifestation of malig-
nancy. However, it can also be due to hypersplenism or bone
marrow infiltration. The white count is variable. Overspill of
lymphoma cells into the blood can occur in aggressive lym-
phoma, representing the so-called ‘leukaemic phase’, but this is
infrequent and usually seen in later stages of disease, and can
infrequently be seen by light microscopy at diagnosis. Hypoal-
buminaemia is another non-specific feature associated with a
systemic disturbance and is indicative of a poor prognosis. A
raised level of lactate dehydrogenase (LDH) is usually associ-
ated with advanced disease and was identified as an important
independent prognostic factor in 1993 (within the International
Prognostic Index) and remains so today (Table 34.3). Rarely, a
paraprotein is detectable in less than 5% of histologically aggres-
sive lymphomas, but the significance of its presence is unclear.

Staging

The Ann Arbor staging system, initially developed for Hodgkin
lymphoma, is used in adults with NHL (see Chapters 32 and
33). Inspection of Waldeyer’s ring is particularly important, and
a bone marrow biopsy is routinely performed. The presence
of high-grade disease in the bone marrow is prognostically

Table 34.3 Prognostic factors for aggressive lymphoma:
International Prognostic Index (IPI).

Age >60 years
Ann Arbor stage III or IV
Elevated serum lactate dehydrogenase
ECOG Performance Score ≥2
Number of extranodal areas involved >1

Risk groups (Score) 5-year OS (%)

Low (0–1) 73
Low-intermediate (2) 51
High-intermediate (3) 43
High (4 or 5) 26

important and may direct CNS prophylaxis and concomitant
low-grade disease may also be identified. However, whether
assessment of the bone marrow is mandatory in all patients at
diagnosis is debated in the positron emission tomography (PET)
era. Radiography with computerized tomography (CT), mag-
netic resonance imaging (MRI) or PET scanning is used for ini-
tial staging of the disease and is of value in monitoring response
to therapy and detection of residual disease or relapse.
As treatment may differ for patients with stage I disease and

more advanced stages, especially in the context ofDLBCL, a PET
scan at diagnosis can have significant therapeutic implications.
At the end of therapy PEThas been incorporated into the revised
response criteria.
Cerebrospinal fluid (CSF) examination should be considered

if there are clinical signs of CNS disease, or for patients present-
ing with high-grade NHL at certain anatomical sites, such as
paranasal sinus, breast, epidural area or testis, where CNS pro-
phylaxis is generally recommended. Cytological assessment by
cytospin and immunophenotyping should be considered. The
prognostic and therapeutic implications of identifying disease in
the CSF solely by flow cytometry are much debated. Indications
for CNS prophylaxis, using either intrathecal or high-dose intra-
venous chemotherapy, is described later (see section on CNS
prophylaxis in high-grade non-Hodgkin lymphoma). Intrathe-
cal prophylaxis should be administered at the time of the first
CSF examination in these patients. Serology for HIV and hep-
atitis B (HBsAg, HBcAb and HBsAb) and hepatitis C should be
performed in all patients as appropriate concomitant antiviral
therapy may be indicated during and after therapy.

Treatment

Treatment of NHL is mainly based on the histological findings,
although therapeutic decisions are influenced by the patient’s
age, comorbidities, performance status and disease extension.
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There are also a number of subtypes of lymphoma with distinct
clinical and pathological features and therapeutic strategies that
will be discussed separately. Some of the NHLs are potentially
curable and thus access to timely sophisticated diagnostic ser-
vices and expert clinical opinion is necessary to ensure accurate
diagnosis and tailored therapy.

Particular considerations prior to therapy

A formal assessment of cardiac function should be considered
for older patients and thosewith a previous history of diabetes or
cardiac disease if anthracycline therapy is considered. Accurate
analysis of renal function is necessary before the administration
of high-dose methotrexate, platinum-containing regimens and
high doses of other renally-excreted agents.

Diffuse large B-cell lymphoma

DLBCL is by far the most common NHL, representing 35–40%
of all newly diagnosed NHL and more than 80% of aggres-
sive lymphomas. According to the latest Haematological Malig-
nancy Research Network’s registry data, the overall incidence
rate for DLBCL in the UK is increasing at 8.4 per 100,000, with
a marginal preponderance in males compared to females at a
ratio of 1.2:1. The median age of patients at diagnosis is approx-
imately 70 years, but the age range is broad, although it is rarely
diagnosed in children and young adults. Although DLBCL is
potentially curable, it remains a challenging lymphoma to man-
age because of the biological and clinical heterogeneity of the
disease, and this is reflected by the 2008 WHO classification of
a broad category, designated DLBCL, not otherwise specified, to
encompass several morphological, molecular and immunohis-
tochemical variations.

Aetiology

The majority of DLBCLs have no underlying causative factor
and arise de novo. However, a small proportion of cases occur
as a result of transformation from a previously indolent disor-
der such as follicular lymphoma, marginal-zone lymphoma or
chronic lymphocytic leukaemia. A small proportion of cases are
associated with risk factors occurring in the setting of an under-
lying immunocompromised state, including concomitant infec-
tions with EBV and HIV, post solid-organ transplantation and
in elderly patients.

Pathogenesis and molecular basis of DLBCL

DLBCL is a clonal neoplasm of large B-lymphoid cells with a
diffuse growth pattern. Importantly, pivotal studies over the last
decade have provided substantial insights to explain the genetic
and biological heterogeneity of DLBCL. Firstly, large-scale gene

expression profiling (GEP) studies were instrumental in divid-
ing DLBCL cases that were morphologically indistinguishable
at the histological level into at least three distinct molecular
subtypes: germinal-centre B cell (GCB), activated B cell (ABC)
and primary mediastinal B-cell (PMBL). The distinct genes
expressed by each of these subtypes reflected the different stages
of B-cell development fromwhich themalignant B cell arose, the
putative cell of origin (COO). The derivation of each subtype
from differing cells of origin in addition explains their distinc-
tive molecular features, clinical characteristics and outcomes.

Cell of origin subtypes
The GCB subtype largely expresses genes that are reminiscent
of normal germinal-centre B cells such as CD10 and LMO2.
Additionally, GCBDLBCLs are characterized by high expression
of the transcriptional repressor gene, BCL6, which can also be
translocated or mutated in DLBCL and exhibit highly mutated
immunoglobulin genes with ongoing somatic hypermutation
(SHM), further evidence that supports its germinal-centre ori-
gin. In contrast, ABCDLBCL characteristically expresses several
genes that are normally upregulated in plasma cells with acti-
vated chronic B-cell receptor (BCR) signalling, such as nuclear
factor (NF)-κB and IRF4 (MUM1), but appear to be blocked
from full differentiation into plasma cells by additional genetic
alterations that interfere with Blimp1, the master regulator of
plasmacytic differentiation.
A block in differentiation seems to be an important early step

in the pathogenesis of the ABC subtype, but the nature of the
exact COO is unknown. Nevertheless, these results suggest that
the GCB and ABC subtypes are derived from B cells at different
stages of differentiation: GCB DLBCL appears to originate from
GC centroblasts, whereas ABC DLBCL is postulated to arise
from post-GCB cells blocked from plasmacytic differentiation.
The third molecular subtype, PMBL, will be discussed later, as
this now represents a distinct entity in the WHO classification.
Importantly, stratification of DLBCL patients according to the
cell of origin has clinical prognostic relevance and potential
therapeutic implications, with GCB DLBCL demonstrating
significantly more favourable response and overall survival rates
compared with ABC DLBCL, independent of the IPI, following
treatment with anthracycline-based chemotherapy. Moreover,
even in the setting of combination immunochemotherapy,
the worse outcome for ABC-DLBCL was not abrogated
(3-year progression-free survival (PFS): 74% GCB; 40% ABC;
3-year overall survival (OS): approximately 80% GCB; 45%
ABC, P < 0.001) (Figure 34.1).

Use of immunohistochemistry for subtype
classification
Although GEP provides an in-depth landscape of the relative
gene expression and clearly subdivides DLBCL into its molecu-
lar subtypes, its translation as a diagnostic tool into routine clin-
ical practice has been hampered by: (i) the cost, (ii) turnaround
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Figure 34.1 Kaplan Meier survival curves demonstrating
significantly different outcomes according to molecular subtype.
(Source: Frick et al., 2012 [Best Pract Res Clin Haematol. 2012
25(1): 3–12.]. Reproduced with permission of Elsevier.)

time required for analysis and interpretation, (iii) the inability
to simultaneously assess the histology of the tumour and (iv)
the need for RNA extracted from good-quality fresh lymphoma
biopsies. Given the prognostic nature of subtype categorization,
surrogate approaches were evaluated using protein-based
tests, in the form of immunohistochemistry (IHC) antibody
panels for specific germinal-centre and post-germinal-centre
markers, in order to distinguish GCB from ABC lymphomas,
as this could be performed cheaply and quickly on routine
formalin-fixed paraffin-embedded (FFPE) tissues. One of the
earliest IHC algorithms used, the Hans algorithm, relied on
a three-antibody-staining approach, using CD10, BCL6 and
MUM1/IRF4 to discriminate GCB from ABC DLBCLs, with
83% concordance compared with GEP. A number of other algo-
rithms were developed, such as Choi and Tally, which built on
the Hans algorithm by incorporating additional IHC markers
such as GCET1, FOXP1 and LMO2. However, there remain dis-
crepancies in the standardization and utility of IHC algorithms
in approximating GEP, and this was confirmed in a recent study
that compared a number of the IHC classifier systems, finding
a poor concordance across the systems for reliably determining
COO subtypes and conflicting prognostic relevance, especially
for patients treated in the rituximab era, and although these algo-
rithms are routinely used in clinical laboratories, they have yet
to be incorporated into the standard of care.
More recently, two different GEP assays (DASL and Nano-

string) have been reported, demonstrating feasibility with
FFPE lymphoma tissue and both could accurately discrimi-
nate the COO subtypes with high accuracy, concordance and
rapid turnaround time, allowing for real-time decision-making
regarding treatment based on COO. There remains a need
for international standardization of the methodologies used
to determine molecular DLBCL sub-typing if this is to be
integrated into routine clinical diagnostics and indeed inform
therapy stratification.

Genetic abnormalities in DLBCL
The advent of high-resolution next-generation sequencing tech-
nologies has allowed a comprehensive and unbiased enumera-
tion of cancer genomes at an unprecedented rate that could only
be imagined a decade ago. In DLBCL, these types of studies have
highlighted, in particular, that the ABC and GCB DLBCL are
driven by their dependence on different oncogenic pathways.
In GCB DLBCL, in addition to the expression of germinal-

centre markers, they harbour a number of genetic alterations
restricted to its subtype. A significant proportion of GCB
DLBCLs have a t(14;18) (q32; q21) that leads to constitutive
over-expression of BCL2 and over 50% of GCB DLBCLs
harbour mutations in the BCL2 gene. Previous studies have
suggested that BCL2 over-expression in DLBCL to be associated
with poor prognostic significance, but this appears to have been
overcome by the inclusion of rituximab into therapy. One of the
most relevant findings from recent DLBCL genomic studies was
the unexpected high incidence of alterations in genes encoding
proteins involved in epigenetic regulation, particularly histone
and chromatin-modifying enzymes. Mutations in a histone
methyltransferase, EZH2, that encodes a protein that serves
as a critical enzymatic component of a complex involved in
gene silencing, was identified in approximately 20% of GCB
DLBCL patients. Notably, all the mutations were centred
within the catalytic SET domain of the protein. Its exact role
in lymphomagenesis is unclear, but it appears to be essential
for germinal-centre formation. Concurrently, recurrent aber-
rations affecting CREBBP and EP300, two related histone
acetyltransferase (HAT) enzymes, have been identified in about
15–30% of DLBCLs. Functionally, the mutant proteins were
deficient in their ability to acetylate BCL6 and TP53, supporting
a tumour-suppressor role. More recently, mutations in another
histone methyltransferase, MLL2, encoding a protein involved
in gene transcription, were identified in about 30% of DLBCL
patients. Together these findings implicate the importance of
epigenetic deregulation in lymphomagenesis.
However, in contrast, constitutive NF-κB activation and sig-

nalling is the pathogenic hallmark of ABC DLBCLs, occurring
in virtually all cases and promoting cell proliferation and
survival. This constitutive activation is mediated by a number of
genetic alterations. Components of the B-cell receptor (BCR),
CD79A and CD79B are mutated in 20% of ABC-DLBCLs with
these aberrations leads to chronically active BCR signalling
and downstream NF-κB activation. Likewise, about 30% of
ABC DLBCLs harbour mutations in MYD88, specifically in
the intracellular Toll/IL-1 receptor domain of this adaptor
molecule, which has the potential to activate NF-κB, as well as
the JAK/STAT signalling pathway. Additionally, both positive
and negative regulators of NF-κB signalling are aberrant in
ABC-DLBCLs. Roughly 10% of ABC DLBCL patients harbour
activating mutations in the coiled-coil domain of CARD11, a
positive regulator of NF-κB signalling, with the gain-of-function
mutations further promoting NF-κB signalling. The negative
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regulator of NF-κB signalling, A20 (TNFAIP3), is subject to dis-
ruptive mutations and deletions in up to 30% of ABC DLBCLs.
Loss of A20 could thus promote lymphomagenesis, at least in
part, by inducing inappropriately prolonged NF-κB signalling.
Interestingly, in most cases, there is an overlap of these genetic
alterations suggesting a complementary and non-redundant
role of these alterations.
These unique oncogenic pathways for both DLBCL subtypes

present many potential targets for biological agents that are cur-
rently being exploited and tested in preclinical and early-phase
clinical studies.

Role of the microenvironment in DLBCL
In addition to the biological properties of the lymphoma cells,
the composition of the tumour microenvironment milieu and
genes expressed by these non-tumour cells have been shown
to have relevance in the pathogenesis and outcomes of DLBCL.
About 10% of DLBCLs aberrantly express CD5, a surface
antigen normally expressed by T- cells, with these patients com-
monly presenting with aggressive clinical behaviour, including
advanced stage, elevated LDH and extranodal site involvement.
Moreover, CD5 positivity has independent prognostic impor-
tance and is additive to the IPI in the rituximab era. Additionally,
by separating the tumour from the non-tumour population,
GEP-derived unique stromal gene signatures were identified,
that also predict survival in patients with DLBCL. The stromal-1
signature reflects genes expressed by the extracellular matrix
and histiocyte infiltration, such as secreted protein, acidic and
rich in cysteine (SPARC) and connective tissue growth factor
(CTGF), are associated with a good prognosis. The stromal-2
signature, which reflects blood vessel density, is prognostically
unfavourable. A more recent study used a simplified two-gene
model to predict overall survival in patients with DLBCL, the
first gene LMO2, expressed by the tumour cells and the second
gene, TNFRSF9, expressed by the tumour microenvironment.
The precise role of the expression of a number of these tumour
microenvironment markers is unknown.

Prognostic factors

Despite advancements in the treatment of DLBCL, the outcome
of patients with DLBCL remains variable. Although potentially
curable, about 40%of patientswill diewith relapsed or refractory
disease. There is therefore a pressing need to identify patients for
whomstandard treatmentmeasures are inadequate, so that alter-
nate therapeutic strategies may be employed. A number of clin-
ical and biological prognostic or predictive markers have been
described.
The International Prognostic Index (IPI) was devised in 1993

(Table 34.3) and remains the most widely used prognostic tool.
It takes into account five clinical parameters determined at diag-
nosis: age >60, elevated serum LDH, ECOG performance sta-
tus (PS) >1, Ann Arbor stage III or IV and number of involved

Table 34.4 Age-adjusted International Prognostic Index (IPI).

Ann Arbor stage III or IV
Increased lactate dehydrogenase concentration
Performance score of >2

Risk groups (Score) 5-year OS (%)

Low (0) 83
Low-intermediate (1) 69
High-intermediate (2) 46
High (3) 32

extranodal sites ≥2. Based on the number of features scored
by each patient, they are categorized into one of four risk
groups with predicted 5-year OS ranging from 26% to 73%. An
age-adjusted IPI was also defined for patients <60 years old
(Table 34.4) and a revised IPI (R-IPI) outlined in the rituximab
era with three risk groups identified. More recently, clinical data
from the National Comprehensive Cancer Network (NCCN)
database (n = 1650) collected during the rituximab era (2000–
2010) has allowed an ‘enhanced IPI’ tool to be devised. Com-
parable to the IPI, five similar predictors (age, LDH, sites of
involvement, stage, PS) were identified, with a potential maxi-
mum of 8 points. However, this prognostic tool accounted for
the continuous nature of specific variables such as LDH (nor-
malized LDH of >1 to ≤3 scored 1 point and 2 points if ≥3)
rather than the ‘+’ or ‘–’ nature of the original IPI. Addition-
ally, the specific site of extranodal involvement was found to be
more prognostic in this model compared to one based solely on
the number of extranodal sites, irrespective of location. Four risk
groups were formed and compared favourably with the IPI, with
the NCCN-IPI being additionally better at discriminating low-
and high-risk subgroups (5-yearOS: 96% versus 33%) compared
to the IPI (5-year OS: 90% versus 54%), respectively. Despite the
validity of the various IPI risk models, they remain limited in
their ability to predict which patients will follow a very aggres-
sive course. A number of additional clinical predictive factors
have been reported. Sex-dependent variability in outcomes has
been demonstrated in a number of studies following rituximab-
based treatment, with males having an inferior outcome due
to their more rapid rate of rituximab clearance compared to
females, therefore raising the question of differential dosing.
Bone marrow involvement is implicated in poorer prognosis
after adjusting for the IPI. Other factors associated with adverse
outcomes include: absolute lymphocyte:monocyte ratio, maxi-
mum tumour diameter and elevated serum free light chains.
Clinical prognostic features remain surrogates for the under-

lying biological differences in patients. DLBCL COO subtype
(GCB versus ABC) is one of the keymolecular prognostic mark-
ers, as already described. Recent studies have also implicated
MYCor BCL2 alone or in combination to have a negative impact
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Table 34.5 Chemotherapy protocols used in high-grade NHL.

ACVBP Doxorubicin, cyclophosphamide,
vindesine, bleomycin, prednisolone

BEAM/mini-BEAM BCNU, etoposide, cytarabine,
melphalan

CHOP Cyclophosphamide, doxorubicin,
vincristine, prednisolone

CODOX–M/IVAC Cyclophosphamide, doxorubicin,
high-dose methotrexate/ifosfamide,
etoposide and high-dose cytarabine

DHAP Dexamethasone, high-dose cytarabine
and cisplatin

DVIP Dexamethasone, etoposide,
ifosfamide and cisplatin

EPOCH/DA-EPOCH Etoposide, prednisolone, vincristine,
cyclophosphamide, doxorubicin

ESHAP Etoposide, cytarabine,
methylprednisolone, cisplatin

GCVP Gemcitabine, cyclophosphamide,
vincristine, prednisolone

Hyper CVAD Hyperfractionated cyclophosphamide,
vincristine, doxorubicin and
dexamethasone

ICE Ifosfamide, carboplatin, and etoposide
MACE–CYTABOM Doxorubicin, etoposide, prednisolone,

cytarabine, bleomycin, vincristine,
methotrexate

MACOP B Methotrexate, doxorubicin,
cyclophosphamide, vincristine,
prednisolone, bleomycin

VACOP B Etoposide, doxorubicin,
cyclophosphamide, vincristine,
prednisolone, bleomycin

on DLBCL outcomes. MYC rearrangement occurs in 5–10% of
DLBCL patients and demonstrated significantly inferior 5-year
PFS andOS in retrospective series when compared to non-MYC
rearranged DLBCLs (PFS: 31% versus 66%; OS: 33% versus
72%). BCL2 over-expression occurs in approximately 40–60%
of DLBCLs and although, in the prerituximab era, its presence
was associated with worse outcomes, this does not appear to be
the case using rituximab-based therapies. The presence of both
BCL2 and MYC rearrangements, termed ‘double hit’, occurs in
about 5–10% of DLBCLs and has dismal outcomes of less than
a year with standard R-CHOP (rituximab, cyclophosphamide,
doxorubicin, vincristine, prednisolone; see Table 34.5) therapies.
Strategies using more intensive chemotherapies or concomitant
use of biological agents in this subgroup of patients are being
explored.
Somewhat surprisingly, despite the wealth of information on

prognostic markers, none are currently in routine use for strati-
fying patients and directing therapy.

Treatment

First line: early-stage disease
Patients with stage 1A and 2A DLBCL are considered to have
early-stage disease. The British National Lymphoma Inves-
tigation (BNLI) reported a 10-year DFS and OS of 35% and
67%, respectively, in 243 patients who were treated with local
radiotherapy (RT) for stage I/IE disease. Although DLBCL is a
highly radiosensitive tumour, it is clear that local radiotherapy
is insufficient and systemic treatment with chemotherapy is
necessary.
A significantly improved DFS and OS in early-stage DLBCL

patients who received combinedmodality treatment with a brief
chemotherapy course (three cycles of R-CHOP) followed by
consolidative radiotherapy has been reported in a prospective
randomized trial. The five-yearOS and PFS for stage I and II dis-
ease treated with R-CHOP and consolidative radiotherapy were
92% and 82%, respectively; whereas without radiotherapy, OS
and PFS were 73% (P = 0.0007) and 68% (P = 0.0003), respec-
tively. At present, abbreviated chemo-immunotherapy (three to
four cycles of R-CHOP) followed by involved field radiotherapy
(IFRT) is a preferable approach for early stage DLBCLwith non-
bulky disease, especially at sites of presenting diseasewhere radi-
ation is well tolerated, with lower risks of late toxicities. An alter-
native approach in patients whose site of presenting disease are
at potential risk of long-term late toxicities from radiotherapy is
following a full course of chemo-immunotherapy (six cycles of
R-CHOP) without radiotherapy.
One randomized study has shown that the outcome for

patients older than 60 yearswith limited stage disease andno risk
factors is equivalent after four courses of R-CHOP chemother-
apy to that after four courses of R-CHOP chemotherapy and
IFRT. Consideration of this approach may be appropriate if
radiotherapy is not thought feasible.

First line: advanced-stage disease
Patients with more advanced stages of disease (stage 2B to
stage 4) should receive combination chemo-immunotherapy.
Several studies have shown the benefit of adding rituximab to
chemotherapy making R-CHOP or R-CHOP-like regimens the
gold standard in advanced-stage DLBCL. Furthermore, the age
of the patient (<60 or >60 years) and IPI risk group (score <3
or ≥3) provides certain considerations for choice of therapy. A
summary of selected completed clinical trials is presented in
Table 34.6.
Based on results from the MiNT study conducted prior to

the use of PET scans in response assessment, R-CHOP with
the addition of radiotherapy to sites of primary bulky dis-
ease has been recommended for young patients with low-
or intermediate-risk IPI. A recent study demonstrated that
dose-intensive R-ACVBP (see Table 34.5) followed by sequen-
tial consolidation (rituximab, ifosfamide, etoposide and cytara-
bine) represents an efficacious alternative showing significantly
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Table 34.6 Results from selected Phase III clinical trials for first-line DLBCL treatment in patients <60 years and >60 years.

No. of Age
Study Regimen patients Criteria (years) Outcome Reference

MInT A R-CHOP-like ×6 vs.
B CHOP-like ×6

824 aaIPI: 0
or 1

18–60 3-year EFS: 79% (A) vs. 59% (B)∗

3-year OS: 93% (A) vs. 84% (B)∗
Pfreundschuh

et al. 2006

LNH03-2B
(GELA study group)

AAR-ACVBP ×4 and
consolidation vs.

B R-CHOP ×8

380 aaIPI: 1 18–59 3-year EFS: 81% (A) vs. 67% (B)∗

3-year PFS: 87% (A) vs. 73% (B)∗

3-year OS: 92% (A) vs. 84% (B)∗

Recher et al.
2011

NCRI A R-CHOP-14 ×6 vs.
B R-CHOP-21 ×8

1080 All IPIs >18 2-year PFS: 75.4% (A) vs. 74.8% (B)#

2-year OS: 82.7% (A) vs. 80.8% (B)#
Cunningham

et al. 2013

NHL-B2
(German High-grade
Non-Hodgkin
Lymphoma Study
Group)

ACHOP-14 ×6 vs.
B CHOP-21 ×6

831
(70% DLBCL)

IPI: ≥1 61–75 5-year EFS: 43.8% (A) vs. 32.5% (B)∗

5-year OS: 53.3% (A) vs. 40.6% (B)∗
Pfreundschuh

et al. 2004

LNH98-5
(GELA study group)

A R-CHOP-21 ×6 vs.
B CHOP-21 ×6

399 All IPIs 60–80 5-year EFS: 47% (A) vs. 29% (B)∗

5-year PFS: 54% (A) vs. 30% (B)∗

5-year OS: 58% (A) vs. 45% (B)∗

Feugier et al.
2005

RICOVER-60
(German High-grade
Non-Hodgkin
Lymphoma Study
Group)

ACHOP-14 ×6 vs.
B CHOP-14 ×8 vs.
C R-CHOP-14 ×6 vs.
D R-CHOP-14 ×8

1222 61–80 3-year EFS: 47.2% (A) vs. 53% (B) vs.
66.5%(C) vs. 63.1% (D)
3-year OS: 67.7% (A) vs. 66% (B) vs.
78.1% (C) vs. 72.5% (D)

Pfreundschuh
et al. 2008

LNH03-6B
(GELA study group)

A R-CHOP-14 ×8 vs.
B R-CHOP-21 ×8

602 aaIPI ≥
1

60–80 3-year EFS: 56% (A) vs. 60% (B)# Delarue et al.
2013

aaIPI, age-adjusted IPI; GELA, Groupe d’Etudes des Lymphomes de l’Adulte; NCRI, National Cancer Research Institute.

improved survival of patients aged <60 years with low-
intermediate risk compared to standard R-CHOP (3-year PFS
87% versus 73%, HR 0.48, p = 0.0015; 3-year OS 92% ver-
sus 84%, p = 0.0071), although associated with a higher risk
of haematological toxicity, thereby limiting its use in elderly
DLBCL patients.
To intensify treatment, the German High-Grade NHL

Study Group (Deutsche Studiengruppe Hochmaligne Lym-
phome; DSHNHL) shortened intervals between CHOP from
3 weeks (CHOP-21) to 2 weeks (CHOP-14). A follow-up study,
RICOVER-60, performed by the DSHNHL for patients over
60 years with DLBCL, demonstrated that the addition of ritux-
imab to six cycles of CHOP-14 significantly improved event-free
survival (EFS), PFS and OS without relevant additional toxicity.
No further benefit was observed after eight cycles of chemoim-
munotherapy. However, the outcome of this dose-intensification
strategy was not reproduced by the Japanese Clinical Oncology
study group (CHOP-14 versus CHOP-21), further confirmed
by both the NCRI-led study (R-CHOP-21 versus R-CHOP-14
in all age groups) and the GELA-led study (R-CHOP-21 vs

R-CHOP-14 in elderly patients) with no improvement in
efficacy with a shorter interval between chemoimmunotherapy.
For patients with a high-risk IPI score of 3–5, for which the

PFS of <50% at 3 years following R-CHOP is unsatisfactory,
there remains no consensus on the appropriate treatment strat-
egy. A number of approaches have been or are currently being
examined in clinical trials to improve the outcome in this subset
of patients, including increasing dose intensity, number of drugs
and/or including high-dose therapy (HDT) and autologous stem
cell transplant (ASCT). In the UK, the NCRI Phase II study has
explored the feasibility of using the intensified R-CODOX-M -
R-IVAC regimen (see Table 34.5) in high-risk DLBCL (IPI 3–5).
Rituximab maintenance following standard chemoim-

munotherapy has demonstrated improved outcomes in indolent
NHLs such as follicular lymphoma and mantle-cell lymphoma;
however, the Eastern Cooperative Oncology Group (ECOG)
4494/Cancer and Leukemia Group B (CALGB) 9793 study
showed no benefit for rituximab maintenance following
R-CHOP chemotherapy and it is therefore not routinely
recommended.
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Special considerations: DLBCL in the elderly
The incidence of DLBCL rises with age, with 50% of DLBCL
diagnoses occurring in patients older than 60 years, and this
number is expected to rise with the increasing age of the pop-
ulation. Patients older than 60 years also represent a heteroge-
neous population with varying levels of general health, coexist-
ing comorbidities and an increased susceptibility to treatment
toxicities, a higher incidence of ABC-DLBCL subtype and there-
fore the outcome in this population is worse than that observed
in younger adults. Attempts to improve patients’ outcome using
intensified chemotherapy regimens (compared with R-CHOP)
commonly leads to a trade-off with increased toxicity without
necessarily an improvement in survival, whereas less toxic regi-
mens are often less effective. Results of theGELA study (LNH98-
5) demonstrated that the addition of rituximab to CHOP-21
improves PFS and OS. Dose-dense regimens with R-CHOP-
14 have failed to demonstrate superiority over R-CHOP-21. A
comprehensive geriatric assessment, and routine G-CSF pro-
phylaxis and supportive therapies should be considered in this
patient population. R-CHOP-21 remains the standard therapy
for fit patients without cardiac dysfunction, whilst omission of
anthracycline is commonly considered in those that are unfit or
have proven cardiac dysfunction. For this latter cohort of older
patients with cardiac comorbidities, a recent Phase II study has
demonstrated efficacy using a regimen where anthracycline is
substituted with gemcitabine, R-GCVP, with anORR of 61% and
2-year PFS andOS of 49.8% and 55.8%, respectively. For patients
older than 80 years without significant cardiac dysfunction, the
attenuated regimen R-miniCHOP was shown to be a reasonable
option with good results. For patients with bulky disease, addi-
tive radiotherapy following chemotherapy has been shown to
improve PFS and OS compared to those not receiving this treat-
ment modality, although it is unclear if this approach is recom-
mended for those patients already achieving completemetabolic
responses.

Up-front autologous stem cell transplantation
The merit of up-front (performed in CR1) ASCT is unproven.
A meta-analysis of 15 randomized control trials including
3079 patients was conducted in the prerituximab era. Overall
treatment-related mortality was 6.0% in the ASCT group and
not significantly different compared to conventional chemother-
apy (OR 1.33, 95% CI 0.91 to 1.93, P = 0.14). Thirteen stud-
ies, including 2018 patients, showed significantly higher CR
rates in the group receiving ASCT (OR 1.32, 95% CI 1.09–1.59,
P = 0.004). Despite higher CR rates after ASCT, there was no
OS or EFS benefit when compared to conventional chemother-
apy. The pooled HRs were 1.04 (95% CI 0.91–1.18, P = 0.58)
and 0.93 (95% CI 0.81–1.07, P= 0.31), respectively. In the ritux-
imab era, a number of prospective randomized trials have been
conducted to assess the merit of HDT and ASCT in high-risk
patients, summarized in Table 34.7. The conclusion from these
studies was that the addition of HDT and ASCT failed to show

benefit on survival and is therefore not recommended outside
of a clinical trial. Whether the response of histological subtypes
(ABC versus GCB) is different is as yet unclear andmay warrant
future evaluation.

Prophylactic therapy to the central nervous
system
Patients with DLBCL who present with a high IPI (particu-
larly those with high LDH and/or extranodal disease) are at
higher risk for CNS relapse and should therefore be consid-
ered for CNS prophylactic therapy (see CNS prophylaxis section
below).

Relapsed or refractory DLBCL
Up to 40% of patients fail first-line therapy and fall into one
of three categories: those relapsing after achieving CR, those
achieving PRwith residual disease and refractory patients. Once
a patient has failed initial chemotherapy, the prognosis is poor
and long-term overall survival is less than 10%. The majority of
the failures occurwithin the first 18months, with relapses occur-
ring more than 5 years after diagnosis being rare.
Salvage HDT followed by ASCT is recommended for patients

that are fit enough, as established from the results of the land-
mark prospective PARMA trial, which demonstrated the supe-
riority of intensified treatment in patients with sensitive relapse.
The efficacy of HDT followed by ASCT is only well-proven
in those who have shown chemosensitivity to conventional
dose second-line (salvage) chemotherapy prior to ASCT (PR or
chemoresponsive relapse). A retrospective UK study of 57 lym-
phoma patients (26 with histologically aggressive NHL) iden-
tified that of 16 patients with progressive disease after first-
line salvage, only one patient (4%), subsequently responded to
second-line salvage regimens. The PFS and OS at 3 years in this
subgroup was only 4%. Since patients who progress on first-
line salvage therapy have a very low chance of responding to a
second-line salvage regimen, they should be considered instead
for experimental therapies.
The salvage chemotherapy of choice, however, remains a sub-

ject of debate. The majority of favoured first-line salvage regi-
mens include rituximab with either one or both of a platinum
compound or ifosfamide. A recent study showed there was no
difference between salvage regimens R-ICE (rituximab, Ifos-
famide, carboplatin, and etoposide) and R-DHAP (rituximab,
dexamethasone, high-dose cytarabine and cisplatin) in terms of
3-year EFS and 3-yearOS.However, a subgroup analysis demon-
strated GCB-subtype DLBCLs to have a better PFS when treated
with R-DHAP, suggesting that COO subtype remains an inde-
pendent risk factor in relapsed/refractory DLBCL. Rituximab
is often used as a component of salvage regimens, having pre-
viously been shown to significantly improve the outcome of
patients who were not previously treated with rituximab. How-
ever, the impact of rituximab as part of the salvage therapy in
patients previously treated with rituximab appears to be inferior,
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Table 34.7 Results from randomized Phase III trials conducted for upfront autologous stem cell transplantation in aggressive NHLs.

No. of Age
Study Regimen patients Criteria (years) Outcome Reference

SWOG-9704
(US and Canadian
Intergroup)

ACHOP or R-CHOP ×6 followed
by ASCT vs.

B CHOP or R-CHOP ×8

370
(248DL BCL)

aaIPI: 2 (high-
intermediate)
or 3 (high
risk)

15–65 2yr PFS: 69% (A) vs. 55% (B)∗

2yr OS: 74% (A) vs. 71% (B)#
Stiff et al. 2013

DSHNHL 2002-1
(German
High-Grade
Non-Hodgkin
Lymphoma Study
Group)

A R-MegaCHOEP vs.
B R-CHOEP-14

275 aaIPI: 2 or 3 18–60 3yr EFS: 61.4% (A) vs. 69.5% (B)#

100% grade 4 leucopenia and
thrombocytopenia in
R-MegaCHOEP arm

Schmitz et al.
2012

DLCL04
(Fondazione
Italiana Linfomi
(FIL)

A R-dose-dense chemotherapy
followed by R-HDC and ASCT vs.

B R-dose-dense chemotherapy

399 aaIPI: 2 or 3 18–65 3yr PFS: 70% (A) vs. 59% (B)∗

3yr OS: 81% (A) vs. 78% (B)#
Vitolo et al.

2012
abstract #688
ASH

GOELAMS 075 A R-HDT (high-dose CHOP ×2,
followed by high-dose
methotrexate and cytarabine then
ASCT vs.

B R-CHOP-14

286 All IPI, aaIPI:
2 or 3 (58%)

18–60 No significant difference in OS
and EFS between the two arms

Milpied et al.
2010
abstract #685
ASH

∗Statistically significant difference (P < 0.05); #Not statistically significant.
ASH, American Society of Hematology; EFS, event-free survival; GOELAMS, Groupe Ouest-Est des Leucémies et Autres Maladies du Sang; HDC,
high-dose cytarabine, mitoxantrone, dexamethasone; OS, overall survival; PFS, progression-free survival; SWOG, Southwest Oncology Group.

potentially as a result of rituximab resistance and results from
prospective studies addressing this issue are awaited.
The question of the benefit of maintenance or consolidation

with rituximab following ASCT has been evaluated as part of
the CORAL study; no improvement in EFS was demonstrated
between post-transplant rituximab or observation arms.
The role of PET scanning following second-line chemother-

apy prior to ASCT has been evaluated in a number of studies.
A positive FDG-PET scan pre-HSCT has been correlated with
inferior PFS andOS and an increased risk for relapse afterHSCT.
For relapsed or refractory patients who are ineligible or unfit

for HDT and ASCT, treatment options include clinical trial par-
ticipation using novel biological agents or experimental thera-
pies, or consideration of palliation with radiotherapy as these
patients have little chance of prolonged disease control with con-
ventional therapies.

Allogeneic stem cell transplantation in
high-grade non-Hodgkin lymphoma
Some patients are likely to have a very poor prognosis with
conventional therapy, including those who fail ASCT, those
presenting with a very high IPI and those with special sub-
types of aggressive NHL (e.g. γδ T-cell NHL). Such patients

are potential candidates for allogeneic SCT, as several reports
have suggested allogeneic SCT to be potentially curative in high-
risk patients with chemosensitive disease. However, there is
no certainty regarding the existence of a strong graft-versus-
lymphoma (GvL) effect in aggressive NHLs, whereas mortal-
ity following transplantation remains high, indicating that this
treatment should be reserved for selected patients only.
The choice between myeloablative and non-myeloablative

(reduced-intensity) conditioning regimens is challenging,
although myeloablative approaches are only recommended in a
subset of younger and fitter patients given the high transplant-
associated mortality. Recent studies have reported the feasibility
of adopting a reduced-intensity conditioning approach in
relapsed DLBCL patients. A UK collaborative study reported
OS and PFS of 47% and 48%, respectively, in a cohort of relapsed
DLBCL (including transformed follicular lymphoma) using
reduced intensity conditioning allografts. The French Society
of Marrow Transplantation and Cellular Therapy reported an
estimated 2-year OS and PFS of 49% and 44%, respectively,
with a 1-year cumulative incidence of non-relapse mortality
(NRM) of 23%. More recently, the European Bone Marrow
Transplantation (EBMT) registry data supported these findings
with a 3-year OS and PFS after transplantation of 52% and
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42%, respectively, in DLBCL patients who relapsed after an
ASCT. In this study, although a lower NRM was observed in
the group of patients treated with a reduced-intensity approach
(3 year NRM: 20% versus 40%), this did not translate to a
significant difference in PFS or OS compared to myeloablative
conditioning approaches, because of the higher relapse rate
in this cohort. In all of these studies, the quality of response
prior to transplantation was a predictor of outcome and there-
fore patients who are chemotherapy refractory at the time of
transplant are unlikely to benefit from this strategy.

Role of interim PET/CT in response assessment
Unlike in Hodgkin lymphoma, where the prognostic utility of
interim PET-CT is established, its role in DLBCL remains debat-
able. Initial studies using PET-CT for response assessment after
two, three or four cycles of immunochemotherapy suggested an
association between the result of the interim scan and patient
outcome. However, some studies have demonstrated interim
PET-CT assessment in DLBCL to have low prognostic and posi-
tive predictive value with a high number of false positive interim
scans confirmed by a biopsy of the FDG-positive site. What is
evident on comparing these studies is a current lack of stan-
dardization for the appropriate time point for interim response
assessment (2, 3 or 4) and the method of interpretation and
response criteria used, as different grading systems from visual
assessment scales (Deauville five-point scale; see Chapter 32) to
quantitative measures (such as standardized uptake value; SUV)
are employed and subject to wide inter- and intraobserver vari-
ability. Greater harmonization of interim PET-CT interpretation
is required before this response modality can be transitioned to
the standard of care, and there are a number of ongoing large
prospective trials that aim to address these concerns.

Emerging therapeutic approaches
Despite our standard therapies in DLBCL offering the majority
of patients a favourable outcome, there remain several areas
of unmet clinical need, especially patients with prognostically
poorer outcomes, including elderly patients, patients with
relapsed or refractory disease, patients with inferior molecular
risk factors, such as ABC-DLBCL and MYC-rearranged DLB-
CLs. There is now a plethora of novel targeted therapies based
on our improved understanding of the biological mechanisms
that determine DLBCL diversity and prognosis. A number of
agents are particularly focused on targeting biological pathways
of relevance in ABC-DLBCL to improve outcomes. Recent proof
of principle studies using bortezomib, an inhibitor of NF-κB sig-
nalling, or ibrutinib, an inhibitor of BCR signalling, have shown
preferentially higher response rates in ABC-DLBCL compared
to GCB-DLBCL, supporting the benefit of employing therapies
targeted to the COO.Here, the addition of bortezomib, a protea-
some inhibitor that inhibits NF-κB signalling, demonstrated a
higher response in ABC-DLBCL compared to GCB-DLBCL. As
a consequence, two separate Phase III clinical trials are currently

being conducted to examine the benefit of the addition of drugs
directed at NF-κB signalling to improving response and out-
comes in patients in accordance with their molecular COO sub-
type. In the UK, the REMoDL-B trial is currently investigating if
first-line treatment with R-CHOP plus bortezomib will benefit
ABC-DLBCL or GCB-DLBCL compared to standard R-CHOP.
Similarly, an international Phase III study is evaluating the ben-
efit of the addition of ibrutinib to R-CHOP in newly diagnosed
non-germinal centre DLBCL compared to R-CHOP alone.

Primary mediastinal (thymic) large B-cell
lymphoma

Primary mediastinal large B cell lymphoma (PMBL) is an
aggressive lymphoma that accounts for 2–4%of all NHLs. PMBL
is now recognized as a separate entity in the WHO classifi-
cation of lymphoid neoplasms, with distinct clinicopathologi-
cal features to DLBCL (Table 34.6). It characteristically presents
with a large anterior mediastinal mass, frequently accompanied
by clinical complications, such as pericardial or pleural effu-
sions and superior vena cava obstruction, as a result of local
intrathoracic tumour invasion. Extrathoracic involvement and
bone marrow infiltration is rare, although at relapse, there is a
significantly high incidence of extranodal site involvement. The
median age at presentation is in the third to fourth decade, with a
female predominance. Interestingly, PMBL shares not only clin-
ical and pathological features with classic Hodgkin lymphoma
(cHL), but alsomolecular similarities with theGEP, demonstrat-
ing greater resemblance to cHL than to diffuse large B-cell lym-
phoma (DLBCL).

Genetic and molecular features

The cell of origin of PMBL is unclear, although the pattern of
somatic hypermutation of typical gene targets, such as BCL6
and the immunoglobulin heavy-chain gene (IgVH), and GEP
supports derivation from thymic B-cells with a germinal-centre
or post-germinal-centre origin. Earlier and more recent genetic
profiling studies have identified key molecular pathways and
biological mechanisms involved in PMBL, including deregu-
lated NF-κB, Janus kinase signal transducers and activators of
transcription (JAK-STAT) signalling and immune surveillance.
A number of these genetic andmolecular aberrations are shared
by cHL.
Chromosomal gains and amplification of chromosome

2p16.1, containing the gene locus for REL, encoding a mem-
ber of the NF-κB complex, occurs in over 50% of patients, with
increased NF-κB activity seen in these cases. Additionally, trun-
catingmutations and deletions of TNFAIP3, encoding A20 pro-
tein, a negative regulator of NF-κB signalling, occurs in 36%
of PMBL, promoting constitutive NF-κB activation. Moreover,
directly inhibiting the NF-κB complex was toxic in a PMBL
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cell line, demonstrating the critical dependence on NF-κB sig-
nalling.
The JAK2 gene loci within chromosome 9p24.1 is amplified

in up to 75% of PMBL cases and is a major molecular hallmark
of the disease. More recently, other components of the JAK-
STAT signalling pathway have been found to be altered in PMBL,
including recurrent mutations in PTPN1 (22% of cases), encod-
ing a protein tyrosine phosphatase, the tumour-suppressor gene,
SOCS1 (45% of cases) and STAT6 (36% of cases), with func-
tional studies in cell lines demonstrating that these alterations
promoted constitutive pathway activation.
MHC Class II antigens such as HLA-DR are downregulated

on the surface of PMBL cells and this correlates with a dimin-
ished number of infiltrating cytotoxic T cells and has been linked
to inferior outcome. Translocations in the transcriptional reg-
ulator of MHC II class expression, CIITA, occur in 38% of
PMBLs and have been shown to suppress HLA class II expres-
sion in vitro. Highly recurrent genomic rearrangements involv-
ing T-cell anergy-inducing programmed death ligands (PDL1
and PDL2) lend further support to the role of escape from
immune surveillance as a feature of PMBL.

Treatment and prognosis

Initial therapy is critical in treating PMBL; however there has
been limited prospective trial activity in PMBL, making it diffi-
cult to establish a standard of care. This is further compounded
by the dilemma of how to deliver a therapy with the highest cure
rate, yet minimize long-term morbidity and sequelae in this
young population. Currently, therapies for PMBL consist of a
multiagent anthracycline- and rituximab-containing backbone.
Retrospective datasets suggest dose-intensive third-generation
chemotherapy regimens like MACOP-B (methotrexate, dox-
orubicin, cyclophosphamide, vincristine, prednisolone and
bleomycin) are superior to the more commonly used con-
ventional CHOP regimen. A large multicentre retrospective
analysis from the IELSG demonstrated that complete remis-
sion rates were comparable in patients treated with CHOP or
CHOP-B and dose-intensive regimens likeMACOP-B, VACOP-
B (modification of MACOP-B, with methotrexate substituted
with etoposide) or ProMACE CytaBOM, and improved with
the addition of involved field radiotherapy (IFRT) in patients
in partial remission, although the relapse rate at 3 years was
significantly lower in the dose-intensive chemotherapy group
compared to those treated with CHOP (12% versus 23%; P =
0.02) and the projected 10-year OS and PFS were superior, at
71% and 67%, compared with 44% and 33% (P = 0.0001 and
P = 0.0003, respectively). Subsequent studies have reproduced
these observations with OS and EFS superior in MACOP-B or
VACOP-B groups compared to CHOP. The integration of rit-
uximab with CHOP or third-generation regimens has resulted
in improved outcomes, with cure rates generally in the range of
80% compared with approximately 50–60% in the prerituximab

era. Current treatment approaches are focused on limiting or
removing the need for consolidative mediastinal radiotherapy
to reduce the long-term risks of breast cancer, cardiac toxicities,
hypothyroidism, pulmonary fibrosis and cancer. The recent
NCI study using dose-adjusted EPOCH-R (DA-EPOCH-R;
see Table 34.5) reported 5-year EFS and OS rates of 93% and
97%, respectively, in a cohort of 51 patients, demonstrating that
regimens can obviate the need for radiotherapy.
There are conflicting data regarding the need for consolida-

tion radiotherapy in patients achieving a first CR, and a major
challenge is the management of patients with residual masses
post chemotherapy. In patients with confirmed PR, there is clear
evidence from the IELSG series that many patients complet-
ing chemotherapy in PR may be converted to CR following
radiotherapy. The prognostic utility of PET-CT scanning follow-
ing chemo-immunotherapy for PMBL has been examined in a
recent prospective study performed by the IELSG (IELSG-26).
In 115 evaluable patients, 47% achieved a complete metabolic
response (CMR) following treatment using rituximab combined
with either MACOP-B, VACOP-B or CHOP, the majority of
which went on to receive consolidative mediastinal radiother-
apy, irrespective of end-of-treatment PET-CT results. Excellent
clinical outcomes were attained with a 5-year PFS and OS of
92% and 86% for the entire cohort. Importantly, although a post-
treatment PET-CT scan demonstrated a good negative predic-
tive value, the positive predictive value was poor, ranging from
18% to 32%, depending on the mode of assessment employed
(mediastinal blood pool versus liver pool cut-off). Based on
these data, the role of post-treatment PET scans in informing our
decisions for receiving or omitting consolidative radiotherapy,
remains unclear. The IELSG37 study is one trial that is address-
ing this issue.
Relapse of PMBL is infrequent compared to DLBCL and

the majority of treatment failures occurs within the first 6–12
months after therapy completion, and are rare beyond 2 years.
A repeat biopsy is advocated to confirm histology at the time of
recurrence. The approach for PMBL relapse, similar to DLBCL,
is salvage therapy followed by consolidation with ASCT in those
deemed fit enough. Chemosensitivity to the salvage regimen is
predictive of a more favourable outcome with ASCT.

Intravascular large B-cell lymphoma

Intravascular large B-cell lymphoma is an extremely rare form of
NHL and is characterized by an accumulation of large neoplastic
B cells within the lumens of blood vessels. These lymphomas
preferentially affect the elderly and involve the CNS, reported
in approximately 30% of patients, and lungs and skin. Prognosis
is generally poor. Patients presenting with only skin lesions
appear to have a significantly better survival than patients with
other clinical presentations (3-year overall survival: 56% versus
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22%). Multiagent chemotherapy using agents with higher CNS
bioavailability is the preferred mode of treatment. The role of
ASCT in younger patients with unfavourable features is being
explored.

Burkitt lymphoma

Burkitt lymphoma (BL) was first described in Ugandan children
by Denis Burkitt in 1958. BL is a highly aggressive mature B-cell
lymphoma that constitutes less than 2% of all NHL diagnoses
in the UK occurring in children and adults. It represents the
most frequent B-cell lymphoma in children, accounting for
30–50% of all paediatric lymphomas. There are three clinical
variants recognized: endemic, sporadic and immunodeficiency-
associated BL. The latter is discussed in detail in a later section
of this chapter.
The endemic BL variant occurs predominantly in equato-

rial Africa and Papua New Guinea, mainly affecting children
with an estimated incidence of 3–6 cases per 100,000 children
per year, and a peak incidence of 4 to 7 years. The risk factors
for endemic BL are incompletely understood. However, EBV
is widely accepted to be a contributing factor, with the EBV
genome detected in about 95% of endemic BL cases. Infection
with Plasmodium falciparum malaria has also been linked as a
risk factor for endemic BL. The ubiquity of EBV and malaria in
these regions suggest that these factors alone cannot explain all
endemic BL cases. Sporadic BL is distributed worldwide, occur-
ring mainly in children and young adults. EBV can be detected
in about 30% of sporadic BL cases.
Presentation varies according to the clinical subtype, but

extranodal site involvement, especially CNS involvement, is a
common feature. In endemic BL, the jaw and facial bones are
characteristically affected. For sporadic BL, presentation with
intra-abdominal masses is more common, with jaw tumours
rarely seen. Lymph node presentation is seen more commonly
in adults than children.

Genetic and molecular features

The molecular hallmark of BL is the translocation
t(8;14)(q24;q32) or its variants t(2;8) and t(8;22), occur-
ring in nearly all affected individuals, irrespective of the clinical
variant. These chromosomal translocations juxtapose theMYC
oncogene at 8q24 with one of the three immunoglobulin loci
partners: Ig heavy chain (IGH) at 14q32, κ light chain (IGK) at
2p12 or λ light chain (IGL) at 22q11, leading to deregulation of
MYC expression.WhileMYC rearrangement is a diagnostic fea-
ture of BL, it is not specific and occurs less commonly in DLBCL
and othermore aggressive high-grade lymphomas. BL is derived
from a germinal-centre cell of origin yet has a unique gene
expression profile that distinguishes it from DLBCL. Recent
characterization has shown that BL most closely resembles cells

from germinal-centre dark zones, whereas the GCB subtype of
DLBCL is more akin to cells from germinal-centre light zones.
Current models for BL assume that IG-MYC translocation

is an early genetic event and additional cooperating oncogenic
events are required to drive lymphomagenesis.MYC and TP53
mutations occur in approximately 60% and 40% of BL cases,
respectively. Recent genomic sequencing studies have revealed
novel activatingmutations in the transcription factor, TCF3 and
inactivatingmutations in its negative regulator, ID3, affecting up
to 70% of cases. Additionally, activating mutations in CCND3
(encoding cyclinD3) have been identified in 38%of sporadic BL.
Together, these recurrent oncogenic mutations cooperate with
MYC to promote proliferation, survival and growth of BL cells.

Treatment and prognosis

Therapies in BL are typically more intensive than DLBCL. Due
to the high proliferation rates of the tumour, a dose-intense,
short-duration treatment strategy is employed to avoid rapid
growth and development of resistance between chemotherapy
cycles. Effective treatment of patients with BL is therefore based
on a multidrug combination chemotherapy of antimetabolites
and alkylating agents (e.g CODOX–M/IVAC regimen, hyper
CVAD; Table 34.5) and includes drugs which highly penetrate
the blood–brain barrier, such as methotrexate and cytarabine,
this being a necessity. Given the high expression of CD20 on
BL cells, rituximab is commonly added to combination regi-
mens, showing improvement in outcome parameters in some
studies, although this requires validation in a prospective ran-
domized study. With these rituximab-containing regimens, CR
and 3-year PFS rates are in the region of 80–94% and 70–90%,
respectively. Addition of granulocyte colony-stimulating factors
(G-CSF) is required in these regimens to maintain dose inten-
sity and reduce the duration of severe neutropenia. A num-
ber of less dose-intense regimens such as DA-EPOCH-R, have
been reported, with good clinical outcomes. Notably, high-dose
cytarabine and methotrexate do not feature in this regimen.
However, this regimen, like the others described above, does
include intrathecal therapy.
The risk of tumour lysis syndrome (TLS), especially after ini-

tiating chemotherapy, is relatively high, reflecting the high pro-
liferation rate of tumour cells. Vigorous hydration with alkalin-
ization, accompanied by administration of recombinant urate
oxidase (rasburicase) (or a uric acid synthesis inhibitor such
as allopurinol) are very important in preventing/reducing the
severity of this complication (see also Chapter 24). Hypercal-
caemia is also frequent at presentation and needs appropriate
therapy with hydration and biphosphonates.
Overall, approximately 50–80% of adult patients can be cured

with these intensive chemotherapy regimens, and in paediatric
populations the cure rate is even higher. Relapses typically occur
within the first 12 months following treatment. Although BL is
a highly FDG-avid tumour, there is currently no consensus on
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its usefulness for response assessment, and this requires further
exploration. There remains a lack of improvement in the out-
come of patients older than 60 years, who make up a quarter of
BL diagnoses and experience a higher rate of adverse events, and
forwhom the standard dose-intense regimensmay be unsuitable
and alternative approaches are warranted. Newer molecularly
targeted therapies may be beneficial in this cohort of patients.

B cell lymphoma, unclassifiable, with
features intermediate between diffuse
large B-cell lymphoma and Burkitt
lymphoma

B-cell lymphoma unclassifiable (BCLU) with features interme-
diate between DLBCL and BL is a provisional category in the
WHO 2008 lymphoma classification to encompass a ‘grey zone’
of tumours displaying transitional gene expression profiling and
morphological features between DLBCL and BL (Table 34.8).
From a clinical perspective, a clear distinction between BL and

DLBCL is of major importance for the outcome of patients,
as the different lymphoma types require different therapies.
In contrast to BL, BCLU tumours normally harbour complex
karyotypes. In addition to MYC translocations, translocations
in BCL2, BCL6 or both occur in a significant proportion of
patients, referred to as double-hit (DH) or triple hit (TH) lym-
phomas (further indicated as BCL2+/MYC+, BCL6+/MYC+ or
BCL2+/BCL6+/MYC+). BCLU occurs in older patients, most
of whom present with adverse clinical features: advanced stage,
elevated LDH, high IPI, bone marrow and CNS involvement.
The disease is aggressive and outcome is poor with conventional
chemotherapy.

Transformed lymphomas
(see also Chapter 33)

Progression to an aggressive lymphoma, usually resembling
DLBCL histologically, is part of the natural history of indolent
lymphomas. The risk of high-grade transformation is highest

Table 34.8 Differential clinical and molecular features between DLBCL, PMBL, BL and BCLU.

DLBCL PMBL BL BCLU

Clinical features
Age at presentation All age groups, median 70 years 30–40 years Children and young

adults
Mainly older adults

Gender Male > female (1.2:1) Female predominance No real predominance Unknown

Site of disease Nodal and extranodal Mediastinal mass and
extension to
supraclavicular nodes

Often extranodal
(jaw and GI tract)

Widespread disease
Often extranodal

Bone marrow
involvement

<20% Rare Common Common

CNS involvement Rare Rare Common Common

Pathologic features
Cell of origin Germinal-centre (GCB) or

activated B-cell (ABC) derived
Thymic Germinal-centre

derived
Usually
germinal-centre
derived

Genetic and
molecular
features

GCBDLBCL: BCL2
translocation/mutations;
mutations in epigenetic
regulators (CREBBP, EP300,
EZH2,MEF2B andMLL2);
PTEN deletions

ABCDLBCL: BCL2
amplification; constitutive
NF-κB activation by mutations
in components (TNFAIP3,
MYD88, CARD11,
CD79A/B)

REL and JAK2 gains
CIITA translocation
Alterations in components

of NF-κB and
JAK-STAT signalling

MYC rearrangement in
nearly all patients

MYC, TP53, ID3,
TCF3 and CCND3
mutations

Complex karyotypes.
Often combination
ofMYC
translocations with
BCL2 translocations
+/– BCL6
translocations
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in follicular lymphoma, but has also been described in other B-
cell lymphoproliferative disorders, including CLL/SLL,Hodgkin
lymphoma, marginal-zone lymphoma and lymphoplasmacytic
lymphoma. The true incidence of transformed lymphomas is
unknown as there remains a lack of consensus about how one
defines transformation or indeed the modality of diagnoses
required for confirmation (clinical versus histological transfor-
mation). Transformed lymphomas tend to be associated with
adverse clinical features and poorer clinical outcomes, although
the majority of these observations have been extrapolated from
data obtained in the setting of follicular lymphoma transforma-
tion and have yet to be examined prospectively. There remains
no standard therapeutic approach, with the majority of clini-
cians adopting a DLBCL-like regimen after consideration of the
patient’s prior therapy. Whether consolidation with autologous
SCT is indicated is contentious.

Double-hit or triple-hit lymphomas

Double-hit (DH) and triple-hit (TH) lymphomas are rare sub-
types of lymphoma defined by two or three recurrent chromo-
some translocations, as described above. The term is not lim-
ited to DLBCL and BCLU, as this genetic composition has also
been observed in follicular lymphoma and lymphoblastic lym-
phomas. In general, this entity is usually associated with an
aggressive clinical course and dismal outcomes with R-CHOP
therapy. Intensive approaches employing dose-dense regimens
like R-CHOEP-14 and R-CODOX-M/R-IVAC, and considera-
tion of ASCT or allogeneic SCT consolidation in first remission
are usually considered.

DLBCL in HIV-positive patients

People living with HIV have an increased risk of developing
DLBCL, an AIDS-defining illness, and the second most com-
mon tumour in individuals with HIV. The development of
DLBCL is related to older age, low CD4 cell count and no
prior treatmentwith combination antiretroviral therapy (cART).
Patients tend to present with advanced clinical stage, B symp-
toms and extranodal involvement, including bone marrow. Fac-
tors that are associated with survival in the post-cART era are
the IPI score and in some studies, a low CD4 cell count, but
median survival is beginning to approach that observed in the
HIV-negative population.
The introduction of cART has led to better control of HIV

viral replication and improved immune function. Opinions dif-
fer as to whether cART should be continued during chemother-
apy or not. Treatment centres in the US that use the infusional
regimens, have previously suspended cART because of concern
regarding potential adverse pharmacokinetic and pharmacody-
namic interactions with chemotherapy and the potential for

increased toxicity. In these studies, despite a high response rate,
CD4 cell counts fell dramatically during chemotherapy and took
months to recover to baseline levels, despite the re-introduction
of cART on completion of chemotherapy. Although this strat-
egy did not appear to adversely affect lymphoma outcome or
increase infectious complications, the treatment groups have not
been large. There is concern that the interruption of cART in
patients on therapy prior to lymphoma diagnosis might lead
to the development of viral resistance. In Europe, a combined
approach to care, involving HIV physicians and haemoncol-
ogists, is adopted and it is usual to continue cART during
chemotherapy, avoiding boosted protease inhibitors wherever
possible as they are associated with greater toxicity and drug
interactions
There is much debate on whether R-CHOP or infusional regi-

mens, such as R-EPOCH, are most efficacious as first-line treat-
ment in HIV-positive patients. However, there has been no ran-
domized study comparing these regimens. A pooled analysis
of US studies suggested that R-EPOCH resulted in superior
response rates and survival compared to R-CHOP, but the for-
mer regimen was used during a later time period (2002–2006)
than the R-CHOP study (1998–2002), suggesting other vari-
ables, including supportive care and antiretroviral drug options,
may have differed. Consistent with this, the patients treated
with R-EPOCH routinely received concurrent antifungal and
antibacterial prophylaxis, which was omitted from those treated
earlier with R-CHOP. More recently a multicenter retrospective
study from theUK reported an excellent outcome after R-CHOP
for 97 HIV-positive patients with DLBCL. The reported 5-year
DFS and OS were 94% and 78%, respectively, and significantly
longer than HIV negative patients (n = 208).
The role of rituximab in HIV-associated DLBCL has been

controversial ever since a randomized Phase III study of CHOP
(n= 50) versus R-CHOP (n= 99), conducted in theUSwas pub-
lished. Although there was a trend to improved response rate
with rituximab (58% versus 47%, P = 0.15), a significant reduc-
tion in progression of lymphoma on treatment, and in death due
to lymphoma, an increased death rate from infectious complica-
tions, particularly (9/15) in those with a CD4 count below 50
cells/mm3, was observed. However, maintenance rituximab was
included every 3 months in those who responded to R-CHOP.
Although, this remains the only Phase III study addressing the
role of rituximab in HIV-positive patients with DLBCL, subse-
quent Phase II studies of R-CHOP (without maintenance rit-
uximab) from Europe did not show an increased risk of infec-
tious deaths, instead showing that rituximab was beneficial. A
recent meta-analysis of prospective studies has confirmed the
benefit in response rate and OS of the addition of rituximab to
chemotherapy. Thus, the addition of rituximab to chemother-
apy is now recommended for all patients with DLBCL, with
appropriate antimicrobial prophylaxis (cotrimoxazole, flucona-
zole, aciclovir), pre-emptive G-CSF and prompt treatment of
opportunistic infection.
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Treatment of relapsed/refractory AIDS-related
lymphoma

Treatment of refractory or relapsed DLBCL in the pre-cART
era was disappointing, with few clinically useful responses. Two
large, retrospective,multicentre studies performed by the EBMT
have confirmed the feasibility and efficacy ofHDTandASCT for
HIV-positive patients that respond to second-line chemother-
apy. In one of these studies a comparative analysis was per-
formed between 53 HIV-positive lymphoma patients and a
matched cohort (66% non-Hodgkin and 34% Hodgkin lym-
phoma) of 53 HIV negative patients. The incidence of relapse,
OS and PFS were similar in both cohorts. Thus, in the cART
era, HIV patients with chemosensitive relapsed ARL should be
considered for ASCT according to the same criteria adopted for
HIV-lymphoma patients.

Burkitt lymphoma in HIV-positive patients

Anumber of studies have demonstrated the feasibility of admin-
istering intensive chemotherapy regimens, such as CODOX-
M/IVAC, with or without rituximab, to HIV-positive patients
with BL. These studies report a 2-year EFS of approximately
60%, similar to that observed in HIV-negative patients treated
with the same regimen, with no increase in toxicity and prompt
immune recovery, suggesting that a uniform approach to treat-
ment of BL should be used, regardless of HIV status. The
DA-EPOCH regimen with rituximab has also been shown to be
effective in this cohort.

Primary central nervous system
lymphoma

Primary central nervous system lymphoma (PCNSL) is a rare
form of NHL comprising 2.2% of all central nervous system
(CNS) tumours. It encompasses lymphoma exclusively involv-
ing the brain, spinal cord, eyes, meninges and cranial nerves,
with 90–95% classified histologically as DLBCL. The major-
ity of PCNSL are sporadic and the incidence increases with
age. A minority are attributable to immunosuppressed states,
including HIV infection or iatrogenic immunosuppression fol-
lowing organ transplantation. In the era of effective cART
the frequency of HIV-associated PCNSL has diminished. The
involvement of critical sites within the CNS presents both diag-
nostic and therapeutic challenges, with outcomes consistently
inferior to systemic DLBCL. Neurocognitive dysfunction and
impaired performance status are frequent at clinical presenta-
tion, whilst histological confirmation is inherently risky and
often yields small tissue biopsies. Moreover, choice of cyto-
toxic therapy is limited by the inability of many drugs employed
for systemic NHL treatment to penetrate the blood–brain bar-
rier (BBB) efficiently. Since the initial description of PCNSL

in 1975, treatment algorithms have evolved from whole-brain
radiotherapy (WBRT) as a single-modality treatment towards a
multiagent, high-dose, methotrexate (MTX)-based chemother-
apy approach, where WBRT is reserved for consolidation or for
relapsed disease. Given the rarity of PCNSL, together with chal-
lenges conducting clinical trials in this patient group, data from
randomized studies are scarce and the level of evidence to guide
therapeutic decisions is often low.

Diagnosis

The diagnosis of CNS lymphoma can be a particular challenge
because of lesional response to corticosteroids andMRI features
that are shared with other pathologies. The majority of PCNSL
are diagnosed via stereotactic biopsy or, less commonly, by flow
cytometric analysis of cerebrospinal fluid (CSF) lymphocytes.
Whole body 18F-FDG PET-CT has an increased sensitivity for
detection of systemic DLBCL over conventional CT staging and
has an important role in the exclusion of systemic lymphoma
at presentation. PCNSL lesions characteristically exhibit homo-
geneous, high-avidity 18F-FDG uptake, and one small study
has suggested that this may assist in differentiating PCNSL
from other intracranial malignancies where MRI findings are
equivocal. Preimaging corticosteroid therapy is a potential
confounding factor, however, and the additional diagnostic
value of 18F-FDG PET overmodernMRI brain imaging remains
poorly defined.

Genetic and molecular features

Improved characterization of PCNSL genotype and phenotype,
albeit from small studies with restricted availability of diagnos-
tic material, has the potential to provide prognostic information
and identify key molecular pathways that may serve as potential
targets for novel therapeutics. An ABC-like phenotype is typ-
ical, but evidence of ongoing somatic hypermutation suggests
ongoing germinal-centre exposure. Therefore PCNSL does not
neatly conform to either of the principalmolecular profiles iden-
tified in systemic DLBCL. The most frequent genomic aberra-
tion identified in PCNSL tissue is deletion of 6p21, involving the
HLA locus (56–79%), a lesion found commonly in DLBCL aris-
ing in immune-privileged sites and represents a potential mech-
anism for immune escape. Activating CARD11 and MYD88
mutations (especially the L265P mutation) are common molec-
ular aberrations and the resultant activation of the NF-κB path-
way highlights a key tumour survival pathway and potential
therapeutic target.

Treatment

Remission induction
Chemotherapy regimens incorporating HD-MTX are consid-
ered the standard of care as induction therapy for newly
diagnosed PCNSL, achieving high rates of initial response when
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combined with other agents. There is general consensus that
MTX should be administered as a rapid infusion (2–4 hours) at
a dose of at least 3 mg/m2 to maximize therapeutic CSF con-
centrations, at an interval of 14–21 days. To improve on out-
comes with single-agent HD-MTX, the IELSG20 trial assessed
the role of combined antimetabolite therapy, withHD-MTX and
cytarabine. This study demonstrated a superior CR rate of 46%
compared to HD-MTX alone (18%, P = 0.006), with signifi-
cant improvements in PFS, but not OS (3-year OS 46% versus
32%, P = 0.07). Several studies have evaluated the additional
value of BBB-penetrating alkylating agents, such as temozolo-
mide, procarbazine and thiotepa, providing non-cross-resistant
agents that, unlike antimetabolite chemotherapy, are also cyto-
toxic to cells in G0 of the cell cycle. Recent data from IELSG32,
an international randomized phase-II trial, has demonstrated
improved outcome with the addition of rituximab and thiotepa
to a MTX/Ara-C-containing chemotherapy (MATRIX) regi-
men. Although associated with higher hematological toxicity,
MATRIX was not associated with higher rates of severe com-
plications.

Consolidation treatment: WBRT
Following introduction of HD-MTX-based chemotherapy,
WBRT (23–45Gy) has continued to be employed to consolidate
responses and provide more durable disease control. Delayed
neurotoxicity, however, is amajor limitation, clinically evident in
approximately one-third of patients, particularly with increasing
age and increased doses ofWBRT and this is associated with sig-
nificantmorbidity andmortality. The only Phase III trial thus far
to complete accrual in PCNSL aimed to demonstrate that omis-
sion of consolidation WBRT after MTX-based chemotherapy
resulted in non-inferior OS rates. Although outcomes suggested
that WBRT can be safely omitted in selected patients achieving
CR with induction chemotherapy, this large study failed to meet
its primary statistical endpoint and issues regarding the design
and amendments to the study and protocol adherence limit
interpretation of these data. A recent systematic review, which
assessed outcomes of chemotherapy versus combined modal-
ity treatment using a decision-analytic model, has suggested
improvements in both survival and quality-adjusted life years
with consolidationWBRT for those <60 years only. The emerg-
ing outcomedata forHDT-ASCTconsolidation for younger, suf-
ficiently fit patients, however, challenges this approach. Defer-
ring WBRT in patients achieving CR with chemotherapy is a
particularly attractive concept for those >60 years.

Relapsed PCNSL

Currently there exists no standard treatment approach for
patients with relapsed and refractory PCNSL. Published data
are largely restricted to small, uncontrolled, retrospective
studies, in which outcomes are influenced by a number of
parameters, including prior therapies and response durations.

In studies where eligible patients have proceeded toHDT-ASCT,
available data support the use of thiotepa-based HDT-ASCT
in relapsed PCNSL, resulting in 5-year EFS and OS rates of
37.8% and 51.4%, respectively, in the largest study to date.
Studies addressing the efficacy of agents such as temozolomide,
pemetrexed, bendamustine, topotecan, lenalidomide, poma-
lidomide, temsirolimus, ibrutinib and other agents targeting
B-cell signalling are ongoing.

Post-transplant lymphoproliferative
disorder

Post-transplant lymphoproliferative disorder (PTLD) ranges
from polyclonal plasmacytic hyperplasia to monoclonal
B-cell proliferation, polymorphic hyperplasia/lymphoma,
immunoblastic lymphoma or myeloma. EBV causes the
majority of these disorders: impaired T-cell function leads
to proliferation of latently EBV-infected polyclonal B cells,
whereas subsequent genomic mutations result in monoclonal
PTLD. Prevention of EBV infection/re-activation may therefore
be essential. Antiviral agents (e.g. aciclovir, ganciclovir), pas-
sive immunotherapy and pre-emptive immunotherapy, using
cytotoxic T lymphocytes targeted against EBV, are all applied to
prevent PTLDs, with variable success.
The optimal treatment of PTLD is still not clearly defined.

Most published data are in the form of case series. Therapeu-
tic options in PTLD include immunosuppression reduction,
chemotherapy and immunotherapy. Patients may respond to
reduction in immunosuppressive therapy, especially those who
develop PTLD within 1 year from transplant (ORR 80% ver-
sus 10% in patients who developed PTLD beyond 1 year). Case
series and Phase II studies of rituximab monotherapy following
failure of reduction of immunosuppression have confirmed effi-
cacy in inducing remission in a proportion of patients (44–65%)
with PTLD. Toxicity appears to be low, but significant numbers
of patients progressed on therapy or relapsed after rituximab,
some died of lymphoma and many required intensification to
chemotherapy. A risk score for identifying patients with PTLD
most likely to respond to rituximab monotherapy has been pro-
posed, using age over 60 years, performance status ECOG 2–4
and raised LDH as poor-risk markers.
The largest prospective Phase II trial, the PTLD-1 trial,

has demonstrated the efficacy and safety of sequential therapy
(rituximab followed by CHOP chemotherapy) for solid-organ
transplant recipients with CD20-positive PTLD unresponsive
to reduction of immunosuppression. Patients received 4 weekly
courses of 375 mg/m2 rituximab followed by 4 weeks with-
out treatment and four cycles of CHOP-21 chemotherapy at 3-
week intervals starting at day 50. Supportive treatment included
mandatory G-CSF support and antibiotic prophylaxis (cotri-
moxazole and ciprofloxacin were recommended). Of 70 patients
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assigned to sequential treatment, 76% had late, 96% monomor-
phic and 44% EBV-associated PTLD. Main adverse events were
grade 3/4 leucopenia in 68% and grade 3/4 infections in 41% of
patients. The overall response rate was 90%, with 67% complete
responses; 74% of responders were progression-free at 3 and 5
years and median overall survival was 6.6 years.
Anti-EBV cytotoxic T lymphocytes have been used for

chemorefractory disease, but their availability is restricted, and
their infusion is associated with regulatory challenges.

CNS prophylaxis in high-grade
non-Hodgkin lymphoma

There is a 5% incidence of CNS relapse in most large studies of
aggressiveNHL. The outcome of thosewho developCNS relapse
is extremely poor, with a median survival of less than 6 months.
The use of rituximab has recently been shown to be associated

with a significantly lower incidence of CNS disease in elderly
patients with aggressive CD20-positive lymphoma treated in
the RICOVER-60 trial. However, this was not a primary end-
point of the trial and there were a high proportion of CNS pro-
phylaxis treatment violations. Patients treated with R-CHOP-
14 had a relative risk for CNS disease of 0.58 (95% CI 0.3–1.0,
P = 0.046) compared to patients treated with CHOP-14.
CNS prophylaxis with intrathecal methotrexate was offered to
patients with involvement of bone marrow, testes, upper neck
or head. The estimated two-year incidence of CNS disease was
6.9% (CI 4.5; 9.3) after CHOP-14 and 4.1% (CI 2.3; 5.9) after
R-CHOP-14. This association of rituximab use with a lower inci-
dence of CNS disease has not been observed in other studies.
As a number of studies have shown that CNS relapse occurs

soon after diagnosis, during treatment or just after treatment,
administration of preventative CNS-directed therapy during
first-line treatment is now routinely undertaken in patients con-
sidered at ‘high risk’. Patients considered ‘high risk’, are those
with high-grade NHL and either high IPI score, elevated LDH,
involvement of more than one extranodal site and specific
anatomical sites of involvement such as breast, epidural space,
paranasal sinuses, adrenals and testes. Intrathecal methotrex-
ate (12–15 mg flat dose) is usually the CNS-directed therapy
of choice, commenced as early as practically possible, with the
patients receiving between three and six doses, and admin-
istered alongside standard chemotherapy. Alternative prophy-
laxis includes intrathecal cytarabine or systemic chemotherapy
known to cross the blood–brain barrier (such as methotrex-
ate, cytarabine or ifosfamide). Systemic high-dose methotrexate
with folinic acid rescue can also be considered in special circum-
stances although there are insufficient data regarding efficacy
and toxicity to suggest this modality can replace or improve the
results using intrathecal methotrexate. Whether both IT and IV
methotrexate should be incorporated into regimens for patients
with a high risk of CNS disease such as testicular DLBCL is

unclear. The use of other systemic chemotherapy has not been
shown to be beneficial, but there have been few prospective
studies that have addressed this issue directly.
All patients with BL or lymphoblastic lymphoma should

receive CNS prophylaxis, as the observed incidence of CNS
relapse without is about 20%. Standard treatment incorporates
both intrathecal therapy and high-dose systemic chemotherapy
with methotrexate and cytarabine, although DA-EPOCH does
not include the latter and has been reported to be highly effec-
tive in a small group of patients.

Suggested algorithm for therapy of
aggressive non-Hodgkin lymphoma
(summary)

At diagnosis
� Anthracycline-containing combination chemotherapy, with
rituximab (CHOP–rituximab). Alternative dose-intense regi-
mens should be considered for particular lymphoma subtypes
(e.g. R-CODOX-M/IVAC for BL).
� Patients with intermediate-high/high IPI (particularly those
who present with raised LDH and extranodal involvement)
should receive CNS prophylactic therapy.
� Adjuvant radiotherapy may be considered in patients with
bulky disease.
� No clear role for rituximab maintenance following first-line
chemotherapy.
� No clear role for up-front ASCT (performed in CR1).

At relapse
� Second-line regimens (e.g. ESHAP, DVIP, DHAP, ICE, mini-
BEAM +/−R; Table 34.5), followed by ASCT.
� Allogeneic SCT may be considered in patients who fail
ASCT/special subtypes of NHL (e.g γδ lymphoma) and demon-
strate chemosensitivity.

Rare aggressive T-cell and NK-cell
lymphomas (see also Chapter 31)

Adult T-cell leukaemia/lymphoma

Adult T-cell leukaemia/lymphoma (ATLL) is a rare mature
T-cell neoplasm caused by HTLV-1 with most affected indi-
viduals originating from endemic regions, including Japan,
Africa, Caribbean and Latin America. It has four different
clinical subtypes with the acute (leukaemic) and lymphoma-
tous variants being more aggressive and common than the
chronic and smouldering forms. Leucocytosis, lymphadenopa-
thy, hepatosplenomegaly, skin lesions and hypercalcaemia are
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observed in the majority of patients. Patients are immunocom-
promised and opportunistic infections are common, including
Pneumocystis jirovecii pneumonia, aspergillosis or candidiasis,
Strongyloidies stercoralis and cytomegalovirus.
Although the initial role of HTLV-1 in ATLL via integration

into host DNA is well elucidated, little is known about the sub-
sequent molecular mechanisms involved in the multistep pro-
cess towards leukaemogenesis. Treatment of ATLL is dependent
on the subtype. Responses to conventional chemotherapy are
poor. A worldwide meta-analysis showed a combination of the
antiretroviral drug zidovudine (AZT) and interferon-α (IFN-α)
had significant activity in patients with ATLL, especially with
the leukaemic subtype, confirmed in a UK retrospective analy-
sis. Patients with lymphoma subtype benefit from the addition
of chemotherapy regimens such as CHOP to AZT and IFN-α.
CNS prophylaxis should be considered and special considera-
tion of anti-infective prophylaxis. For patients with the chronic
and smouldering forms, long-term survival has been shown to
be dismal when managed with a watchful waiting approach and
expert recommendations are for these patients to be treated with
AZT and IFN-α. Conjugated and unconjugated monoclonal
antibodies (anti-CD25, -CD4, -CD52) have all been tested in
small numbers of patients. Other agents being evaluated include
arsenic trioxide and bortezomib.
There appears to be minimal long-term benefit in autograft-

ing patients with ATLL, with the majority of patients relaps-
ing within 1 year of transplant. Prolonged overall survival has
been described after allogeneic SCT with the largest retrospec-
tive study from Japan reporting 3-year overall survival at 33%
and this should be considered for a selected subset of patients
as consolidation therapy. Age, remission status and source of the
graft (cord versus HLA-matched versus HLA-mismatched) have
been identified as significant predictors of survival and since the
median age at presentation with ATLL is approximately 60 years,
reduced-intensity conditioning is generally favoured.
The prognosis for acute and lymphoma subtypes remains

poor, with amedian survival of only 6.2 and 10.2months, respec-
tively, and approximately 2 years for the chronic and smoulder-
ing forms, because of chemoresistance and severe immunosup-
pression.

Extranodal NK/T-cell lymphoma, nasal type
(see also Chapter 31)

This is an aggressive, largely extranodal lymphoma, usually of
NK-cell type, but with recognized T-cell phenotypic variants.
These are very rare in the Western world, but commoner in
Asia and South America. It is usually EBV-virus associated and
often presents as localized disease in and around the nasal struc-
tures. Local extension and dissemination is frequent, usually to
regional nodes and distant extranodal structures such as skin,
testis and gut. An association with the haemophagocytic syn-
drome has been described.

The cell-surface expression of P-glycoprotein mediates
multidrug resistance (MDR) and renders CHOP or other
anthracycline-based regimens ineffective in this lymphoma.
Since the introduction of chemotherapeutic agents not affected
by P-glycoprotein, such as methotrexate and L-asparaginase,
the clinical outcomes have improved. Sequential involved
field radiation (IFRT) followed by etoposide- and cisplatin-
containing chemotherapy is suggested for patients with stage
I/II disease with a durable efficacy of 70% 5-year OS. For
advanced-stage disease, novel therapeutic approaches using
L-asparaginase-containing regimens such as SMILE (consisting
of steroid, methotrexate, ifosfamide, L-asparaginase and etopo-
side) showed excellent responses in a Phase II clinical trial,
with an overall response rate (ORR) of 79% and 3-year overall
survival of 50%. No superiority has been demonstrated using
either autologous or allogeneic stem cell transplantation.

Future directions

Continual progress in biological insights into high-grade lym-
phomas has significant implications for the future. We can
expect refinement in the way we classify and subclassify cer-
tain high-grade lymphomas based on this streamof information.
The face of diagnostics will change dramatically in the years to
come, with the integration of standardized routine genetic and
molecular analyses of tumours, an approach that is currently
being piloted in the UK and internationally. Not only will this
approach yield important diagnostic information, but it will ulti-
mately identify patients that can be stratified to several different
treatment algorithms and novel targeted therapies, rather than
continuing with our single treatment combination ‘one drug fits
all’ approach.
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Immunological basis of stem cell
transplantation

The major complications of allogeneic SCT are caused by the
immunological responses triggered by the infusion of donor
haemopoietic progenitors and lymphocytes into an immuno-
suppressed host. These can take the form of either a host-
versus-graft (HVG) or a donor-derived graft-versus-host (GVH)
response. Clinically, the HVG response can result in graft rejec-
tion, while a GVH response may manifest itself as either graft-
versus-host disease (GVHD) or a graft-versus-leukaemia (GVL)
reaction. It is now possible to blunt the HVG reaction by opti-
mizing the immunosuppressive properties of the conditioning
regimen and consequently graft rejection is rare in most clin-
ical settings. In contrast, GVHD and disease relapse remain
the major complications of allogeneic transplantation and novel
approaches that permit the induction of GVL without inducing
host injury are required. Conversely, autologous SCT is a rela-
tively unremarkable immunological event in which these allo-
geneic responses are absent.

The human leucocyte antigen system

The human leucocyte antigen (HLA) genes are located within
the major histocompatibility complex (MHC) on the short arm
of chromosome6 (6p21.3) (Figure 35.1).HLAgenes found in the
class I region of the MHC differ in structure from those found
in the class II region. HLA class I genes encode polypeptides
expressed as cell-surface transmembrane glycoproteins in com-
plex with a soluble protein, β2-microglobulin. The three classi-
cal class I proteins, HLA-A, HLA-B and HLA-C are expressed

on virtually all nucleated cells and also on platelets. HLA class II
molecules are similar in structure to HLA class I molecules and
are composed of two MHC-encoded polypeptide chains (α and
β). The three HLA class II molecules, HLA-DR, HLA-DQ and
HLA-DP, have a restricted tissue distribution; they are mainly
expressed on antigen-presenting cells such as B cells, dendritic
cells and macrophages, but can be expressed upon other cells in
the context of inflammation.
Both class I and II molecules share a similar structure of four

extramembranous domains. The two most membrane-distal
domains of HLA class I (α1 and α2) and HLA class II (α1 and
β1) contain a cleft available for binding of small peptides. Thus,
both class I and class II proteins can be considered trimolecu-
lar proteins consisting of three subunits: HLA heavy chain, β2-
microglobulin and peptide form class I molecules, and HLA α-
and β-chains and peptide form class IImolecules. The binding of
peptides is key to the functions of the classical HLA molecules.
The source of peptides and the binding procedure differs for the
two classes of molecules. HLA class I molecules are assembled
within the endoplasmic reticulum (ER), where chaperone pro-
teins mediate the association with β2-microglobulin and pep-
tide. Peptides are derived from endogenous molecules (e.g. self
or viral proteins) by cytosolic degradation within the protea-
some, a multicatalytic protein complex, before being actively
transported into the ER.Once theHLA class I trimolecular com-
plex is formed, the molecule leaves the ER and traffics to the
cell surface via the Golgi apparatus. The formation of a peptide-
bound HLA class II molecule is distinct in several ways. Both α-
and β-chains are directed to the ER, where they first associate
with the transmembrane invariant chain. The invariant chain
blocks binding of ER-resident peptides and instead directs the
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Figure 35.1 Diagrammatic representation of HLA class I and II
molecules showing protein domains and bound peptide.

class II molecule via the Golgi apparatus to endosomal vesi-
cles. Peptides contained in the endosome are derived from the
processing of exogenous proteins (e.g. derived frommicrobes or
dead cells). Within the endosome, the invariant chain is cleaved
in a series of steps and specific peptide binding is catalysed by
HLA-DM before the HLA class II–peptide complex is trans-
ported to the cell surface.
T cells and natural killer (NK) cells both possess receptors that

recognize and interact with HLA molecules (see also Chapter
16). T cells expressing the CD4 molecule recognize HLA class
II molecules and T cells expressing CD8 recognize HLA class I
molecules. The specificity of interaction is determined during
development of T cells within the thymus, such that circulat-
ing T cells should not interact with HLA molecules presenting
peptides derived from normally expressed ‘self ’ proteins. How-
ever, the presentation of ‘non-self ’ peptides, for example pep-
tides derived from viral or bacterial proteins initiate activation
signals mediated by the T-cell receptor and coreceptors, result-
ing in the generation of an immune response against the cells
expressing the target HLA protein–peptide complex. NK cells
express a highly diverse repertoire of receptors, including killer-
cell immunoglobulin-like receptors (KIRs) that elicit either acti-
vation or inhibitory signals. Interaction between an NK cell and
a target cell is influenced by the interaction between certain
HLA class I molecules on the target cell (e.g. HLA-B and C)
and KIRs on the NK cell. Interactions between an HLA class I
molecule and a corresponding KIR may result in a negative sig-
nal that outweighs any activation signals; thus the NK cell will
not attack the target cell. However, if a cell has lost expression
of HLA molecules as a result of malignancy or viral infection,
the absence of the inhibitory signal may result in activation sig-
nals being dominant and allow NK cell-mediated attack on the
target cell.

The outstanding feature of the HLA genes is their exten-
sive polymorphism (www.ebi.ac.uk/imgt/hla/). At each of the
genes, there aremultiple possible variant alleles and themajority
of this variation occurs within regions encoding the peptide-
binding domains. Because different HLA proteins bind peptides
with different sequences, one of the functions of HLA polymor-
phism is to allow the presentation of numerous different pep-
tides to the immune system. As there are six antigen-presenting
‘classical’ HLA molecules (HLA-A, -B, -C, -DR, -DQ, -DP)
and most individuals are heterozygous for these loci, poten-
tially each individual has 12 different HLA molecules, each
of which can bind thousands of different peptides. Evolution
of HLA polymorphism occurred as a result of selective pres-
sure imposed by geography, climate and infectious pathogens
so that the repertoire of HLA alleles varies between different
populations.
Detection of HLA polymorphisms is now routinely per-

formed using DNA methods rather than serotyping. Cur-
rent methods include PCR with sequence-specific primers
or sequence-specific oligonucleotide probes, although these
approaches will be rapidly superseded by high-throughput,
low-cost automatic next generation sequencing technologies.
Each HLA allele is given a unique numerical designation. For
example, for the allele HLA-A∗02:101:01:02N, the gene name
HLA-A is followed by an asterisk (∗) and then a series of four
fields separated by colons (:). The first field indicates the allele
group (02), which often corresponds to the broad serological
antigen encoded by the allele. The second field (101) indicates
the subtype, a number assigned in the order in which the DNA
sequences was determined. Alleles whose numbers differ in the
first two fields must differ in one or more nucleotide substitu-
tions that change the amino acid sequence of the encoded pro-
tein. The third field is used to name alleles that differ only by
synonymous nucleotide substitutions (also called silent or non-
coding). The fourth field is used to name alleles that differ in
either intron, or 3′ or 5′ regions of the gene. Lastly, an allele
may have a suffix indicating aberrant expression; for example N
indicates that it is a null allele with no protein being expressed,
L indicates low cell-surface expression and S indicates that the
molecule is expressed only in a soluble form.

HLA matching for transplantation

The frequency of T cells capable of reacting against a for-
eign antigen is of the order of 1 in 10–100,000. However, if
cells from two HLA disparate individuals are mixed, the fre-
quency of responding (or ‘alloreactive’) cells can be as high as
1–10%. To overcome alloreactivity following allogeneic SCT, it is
necessary to define the HLA type of donor and recipient and
to select an HLA-matched donor wherever possible. Excessive
alloreactivity occurring after allogeneic SCT can result in graft
failure or GVHD.
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In situations where the donor is genetically identical to
the recipient (syngeneic transplantation), graft rejection or
significant GVHD are not observed. For patients undergoing
allogeneic transplantation using an HLA-identical sibling, there
is still risk of GVHD as a result of polymorphisms outside the
HLA system that generate so-called ‘minor’ histocompatibility
antigens that are presented as processed peptides in the context
of ‘self ’ HLA molecules. For example, male patients will pos-
sess antigens encoded by the Y chromosome that are absent in
females (HY antigens). Female donors, specifically multiparous
individuals who have had male infants, may have been primed
against HY antigens and as a consequence have circulating
T cells that recognize male patient cells expressing these pro-
teins. This is likely to underlie the increased risk of GVHD in
male recipients of female grafts.
The chances of a sibling being HLA-identical to a patient is

theoretically one in four and, taking into account the size ofmost
families, about a third of patients will have anHLA-identical sib-
ling donor. Another source of HLA-matched donors are the var-
ious volunteer donor registries (such as the Antony Nolan Reg-
istry and the US National Marrow Donor Program) that exist
throughout the world and that have accrued over 20 million
donors. The likelihood of finding an optimal donor matched for
HLA-A, HLA-B, HLA-C and HLA-DRB1 alleles is about 75%
amongst whites of European descent, but significantly lower for
other ethnic groups. Although single HLA mismatches can be
reasonably well tolerated clinically, greater degrees of mismatch
are associated with increased rates of graft rejection or GVHD.
Certain HLA mismatches may be ‘permissive’ so that they do
not result in a worse transplant outcome. For example, it has
been proposed recently that mismatches at HLA-DPB1 (a locus
not usually considered in matching with unrelated donors) may
actually be associated with an improved outcome because of a
lower risk of disease relapse.
In the absence of an adult donor, there is the option of using

umbilical cord blood cells because a reduced degree of HLA
matching is acceptable, most likely reflecting the reduced allore-
activity of fetal T cells. Cord blood units mismatched for one or
two loci are available for the majority (>80%) of adult patients.
More extensive HLA disparity between donors and recipients
following related haploidentical transplantation, is also becom-
ing more feasible as a result of novel transplantation strategies
involving transfer of unmanipulated grafts followed by in vivo
purging of alloreactive T cells using cyclophosphamide, or alter-
natively using methods to completely deplete T cells from the
graft. For both cord and haploidentical SCT, there is growing
interest in other factors that influence outcomes. For example,
the risks of transplantation may also be influenced by the com-
plex interaction between mismatching at HLA class I and the
repertoire of activating or inhibitory KIR genes inherited by the
donor. Furthermore, there is also evidence that recipients of cord
or haploidentical grafts may be less prone to develop GVHD
if they possess a haplotype that is absent in the donor, but is

shared with the donor’s mother; in this scenario, in utero expo-
sure to non-inherited maternal antigens (NIMAs) is postulated
to induce tolerance of donor T cells.

Acute graft-versus-host disease

GVHD is a complex immunological disorder in which donor
T cells initiate tissue damage consequent upon recognition of
recipient antigens not expressed in the donor. The recipient
is unable to reject the donor T cells because of the immuno-
suppressive effects of conditioning therapy. Chemotherapy-
or radiation-induced tissue damage leads to the release of
proinflammatory cytokines and altered chemokine or adhesion
molecule expression. These changes impact on the developing
alloreactive response, leading to further cytokine dysregulation
and enhanced trafficking of cellular effectors to the organs tar-
geted in GVHD.
Initiation of GVHD (Figure 35.2) requires the interac-

tion of donor T cells with recipient antigen-presenting cells
(APCs) within secondary lymphoid organs, such as lymph
nodes and gut-associated lymphoid tissue, although there
appears to be considerable redundancy in the type of cells
involved. Conditioning-related tissue injury leads to the release
of damage-associatedmolecular patterns (DAMPs, e.g. uric acid
and ATP) or exposure to pathogen-associated molecular pat-
terns (PAMPs, resulting from entry of microbes across dam-
aged epithelia). Recognition of DAMPs or PAMPs by cell-
surface or intracellular pattern-recognition receptors induces
the release of proinflammatory cytokines, such as interleukin
(IL)-1β. Enhanced expression of HLA and costimulatory (e.g.
B-7 family) molecules upon antigen-presenting cells promotes
their interaction with donor CD4+ and CD8+ T cells. Donor
T cells with specificity for host antigens are then activated by
the APCs, rapidly undergoing proliferation and developing a
multitude of effector functions, including the generation of pro-
inflammatory cytokines (e.g. TNF-α, interferon-γ and IL-17) or
the upregulation of perforin/granzyme B or Fas ligand path-
ways. The primed effector T cells then traffic in large numbers
to inflamed peripheral tissues, where they induce apoptosis of
epithelial target cells and recruit other cellular effectors such as
neutrophils, macrophages and NK cells, which in concert cause
further damage. In the ensuing inflammatory response, T cells
recognizing other antigens may also become activated (so called
‘epitope spreading’) leading to even worse injury.

Chronic graft-versus-host disease

Chronic GVHD is a disorder associated with continuing host
injury and profound immunodeficiency. The pathogenesis of
this disorder is less well defined, partly as a result of the lack
of preclinical models that fully recapitulate its onset and clini-
cal features. The thymus is a target of GVHD and this may lead
to impaired negative selection of autoreactive T cells that can
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then cause further injury to peripheral tissues. This may help
to explain why individuals with chronic GVHD develop some
clinical features normally associated with autoimmunity (e.g.
immune cytopenias). Host-reactive CD4+ T cells might provide
helper functions for B cells leading to the production of allo-
or autoantibodies and indeed, some chronic GVHD in some
patients responds to anti-B-cell monoclonal antibody therapy.
Skin infiltration by donor macrophages may drive excess colla-
gen deposition in the skin, a hallmark feature of the scleroder-
matous form of the disease.

Graft-versus-leukaemia effect

The importance of an immunologically mediated GVL effect
in contributing to the curative effect of allogeneic SCT is sup-
ported by the observations that T-cell depletion (TCD) increases
the risk of relapse and that patients who develop GVHD have a
lower risk of disease relapse. Conclusive evidence was provided
by the demonstration that infusion of donor lymphocytes can
produce durable remissions in patients who have relapsed after
allogeneic SCT. It has subsequently been shown that donor lym-
phocyte infusion (DLI) is a remarkably effective salvage ther-
apy in chronic myeloid leukaemia (CML), with more than 80%
of patients achieving a sustained molecular remission. Durable
responses can also be achieved in patients transplanted for indo-
lent lymphoma and Hodgkin lymphoma, with responses being
observed less commonly in patients with aggressive lymphoma,
myeloma or acute leukaemias. As would be predicted, DLI can
be complicated by the development of GVHD, although the risk
of this life-threatening complication is reduced if the lympho-
cytes are infused following a significant delay (>12months) after
transplantation or by using an escalating dose schedule rather
than a single ‘bulk’ infusion. For the most part, the antigens rec-
ognized in a GVL reaction overlap with those recognized dur-
ing GVHD. Clinical separation of GVL and GVHD may reflect
increased sensitivity of normal or malignant haemopoietic tis-
sue to an emergingGVH reaction comparedwith epithelial cells.
Selective expression of antigenic targets of a GVH reaction on
haemopoietic tissues (e.g. theminor H antigenHA-1, proteinase
3 or WT1) or leukaemic blasts (e.g. the product of the BCR–
ABL1 fusion gene) may also underlie the development of a GVL
reaction in the absence of GVHD. This concept forms the basis
of novel strategies to deliver a GVL effect without a concomi-
tant risk of GVHD, such as peptide vaccination or gene transfer
of T-cell receptors (TCRs) or chimeric antigen receptors (CARs)
specific for leukaemic antigens.

Immune reconstitution

Allogeneic SCT is followed by a prolonged period of cellular
and humoral immunodeficiency, while donor-derived immune
recovery occurs. Reconstitution of an immune response after
transplantation can be evaluated in the clinic by monitoring

the absolute numbers of T (CD4, CD8), B and NK cells. NK
cell numbers recover most rapidly while other subsets (espe-
cially CD4+ T cells and B cells) recover more slowly. In patients
who have received a T-cell-depleted graft, T-cell recovery is sub-
stantially delayed. Analysis of thymic function after transplan-
tation can be evaluated by measuring the episomal DNA exci-
sion circles of the TCR δ locus deleted during recombination of
the TCR in functional αβ T cells (known as TREC, for T-cell
receptor excision DNA circles). TREC levels are low for the first
6 months following transplantation and recover thereafter. As a
consequence, the T-cell repertoire is limited and mostly depen-
dent on expansion of donor memory T cells. Thymic function is
reduced in adults andmay be further compromised by the effects
of chemoradiotherapy and GVHD. Significant HLA mismatch-
ing between donor and recipient may also lead to ‘holes’ within
the T-cell repertoire due to perturbations in thymic selection.
These defects reflect a failure of donor-derived thymic emigrants
to interact with peptides presented in the context of ‘foreign’ host
HLA molecules.
Quantitative B-cell deficiency is present in virtually all

patients in the first months after transplantation and may per-
sist for a number of years post transplantation as a consequence
of reductions in the number ofmarrowB-cell precursors, partic-
ularly in patients with chronic GVHD. This defect in B-cell pro-
duction has multifactorial causes, including damage to the bone
marrow stroma, the deleterious effect of inflammatory cytokines
and the lympholytic effects of glucocorticoid therapy.
The source of stem cells also influences the kinetics of

immune reconstitution. Thus, peripheral blood stem cell (PBSC)
grafts, which contain higher numbers of haemopoietic progeni-
tors and mature T cells, are associated with more rapid immune
reconstitution than bone marrow grafts. Cord blood transplan-
tation may be affected by poor immune reconstitution in adults
since the number of haemopoietic progenitors is often limited
and the transferred T cells are naive. Thus, patients are at height-
ened risk of re-activation of cytomegalovirus (CMV) or Epstein–
Barr virus (EBV).

Stem cell engraftment

Biology of stem cell engraftment

The establishment of durable donor haemopoiesis after SCT
depends on the engraftment of long-term reconstituting
haemopoietic stem cells (HSCs) (see Chapter 1). These cells,
defined by their capacity for self-renewal as well as their abil-
ity to differentiate into all haemopoietic lineages, are normally
resident in the bone marrow at low frequency, but can be mobi-
lized into the peripheral blood by cytokines or chemotherapy.
A high frequency of haemopoietic stem and progenitor cells is
also present in umbilical cord blood (UCB). The cell-surface gly-
coprotein CD34 is expressed on haemopoietic progenitors and
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Table 35.1 Factors determining stem cell engraftment.

Autologous transplantation
Stem cell dose

Allogeneic transplantation
Stem cell dose
Intensity of host immunosuppression delivered by the

conditioning regimen
Numbers of donor T cells in the stem cell inoculum
Degree of genetic disparity between donor and host

HSCs and is currently widely used as a stem cell marker in clin-
ical transplantation. However, it is important to remember that
xenograft studies have demonstrated that HSCs reside within a
CD34+CD38− subpopulation and that many of the cells within
the CD34+ population lack the properties of a long-term recon-
stituting stem cell. Murine transplant studies have established
that in a syngeneic setting, where there is no HVG reaction,
transplantation of very small numbers of HSCs can result in
durable engraftment of lethally irradiated recipients. In contrast,
host immunosuppression is required to blunt an HVG reaction
capable of rejecting the transplanted stem cell inoculum when
there is donor–host HLA disparity, whether the donor is an
HLA-identical sibling or an alternative donor.

Clinical factors determining stem cell
engraftment

The sole determinant of durable engraftment after an autolo-
gous or syngeneic transplant is stem cell number and graft fail-
ure is exceedingly rare, providing at least 2 × 106 CD34+ cells
per kilogram are transplanted. Clinically durable engraftment in
allograft recipients is determined by the degree of HLA dispar-
ity, the number of transplanted T cells and the size of the stem
cell inoculum (Table 35.1). The immunosuppressive properties
of the conditioning regimen play a critical role in blunting the
HVG response and incorporation of total body irradiation (TBI)
and highly immunosuppressive drugs such as fludarabine, cou-
pled with optimal post-transplant immunosuppression, are crit-
ical in ensuring durable stem cell engraftment. Historically, high
rates of graft failure were observed when T-cell depletion (TCD)
was introduced as a formofGVHDprophylaxis in the late 1980s.
However, the recognition that donor T cells play a critical role in
facilitating stem cell engraftment led to re-design of condition-
ing regimens in those patients receiving T-cell-depleted grafts
such that their immunosuppressive properties were optimized.
The widespread availability of PBSCs from sibling or unrelated
donors (see below) allows transplantation of five to ten times
more CD34-positive cells than if harvested bone marrow were
used. Consequently, the use of PBSCs has played an important
role in optimizing engraftment in settings such as TCD or trans-
plantation of a mismatched donor, where a significant risk of

graft failure rate would be expected were bone marrow to be
used as the stem cell source. Incorporating these principles into
clinical practice has markedly reduced the risk of graft failure
such that it occurs in fewer than 1% of patients undergoing an
HLA-identical sibling allograft and fewer than 5%of those trans-
planted from an unrelated donor. For a long time graft failure
was a major complication of cord blood transplantation (CBT),
particularly in adult recipients, and this likely reflected the low
stem cell dose. The recent demonstration that the simultaneous
transplantation of two cord blood units delivers durable rates
of engraftment in the region of 95% has dramatically improved
outcome of UCB transplants in adults.

Stem cell mobilization

Biology of stem cell trafficking

In steady-state haemopoiesis only very small numbers of
haemopoietic stem and progenitor cells are present in the
peripheral blood. The localization of haemopoietic stem and
progenitor cells within the bone marrow cavity is mediated
through the binding of a range of adhesionmolecules, including
CXCR4 and VLA4, with their cognate ligands on bone marrow
stroma. Recent studies have demonstrated that administration
of haemopoietic growth factors such as granulocyte colony-
stimulating factor (G-CSF) disrupts the adhesion of progenitors
to the bone marrow stroma, resulting in their mobilization into
the peripheral blood in large numbers. This has had a dramatic
impact on transplant practice, resulting in peripheral blood
replacing bone marrow as the commonest source of haemopoi-
etic progenitors in both autologous and, more recently, allo-
geneic transplants. Antagonists to CXCR4, such as plerixafor,
significantly augment G-CSF-mediated stem cell mobilization
and this has transformed mobilization options in patients
considered for an autologous transplant. Adhesive interactions
between haemopoietic progenitors and the bonemarrow stroma
also play a critical role in the homing of transplanted HSCs and
stem cell engraftment can be augmented in animal models by
manipulation of the levels of adhesion molecule expression on
haemopoietic progenitors and bonemarrow stroma. As yet these
observations have not been translated into clinical practice.

Stem cell mobilization in clinical practice

In patients undergoing autologous SCT, G-CSF administered
alone or after myelosuppressive chemotherapy represents the
commonest method of stem cell mobilization. G-CSF admin-
istered in conjunction with salvage chemotherapy is an effec-
tive mobilization strategy in most patients with relapsed lym-
phoma. It is now clear that administration of G-CSF alone, albeit
at somewhat higher doses, can be equally effective and is sub-
stantially less toxic, and this option is now widely used as the
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Figure 35.3 ‘Pre-emptive’ mobilization
schedule.

mobilization option of choice in patients with myeloma who are
eligible for an autograft. This option, consisting of four daily
subcutaneous injections of G-CSF, with stem cell harvesting on
days 5 and 6, can be easily delivered as an out-patient and has
modest but distinct toxicity, which typically takes the form of
myalgia, bone pain and headache. Of note there are rare reports
of splenic rupture after G-CSF administration. Taken together
both options allow a minimum target cell dose of 2 × 106

CD34+ cells/kg to be harvested in more than 80% of patients.
In patients who fail to mobilize the target number of CD34+

cells the CXCR4 antagonist plerixafor can be successfully com-
bined with G-CSF and this advance now permits mobilization
of the required numbers of PBSC in more than 95% of autograft
candidates. Initially used in patients who had previously failed to
mobilize in response to G-CSF alone or G-CSF/chemotherapy,
plerixafor can now be pre-emptively administered in patients
undergoing G-CSF mobilization who can be predicted to be
poor mobilizers on the basis of low numbers of circulating
CD34+ cells in the peripheral blood on the first day of leu-
capharesis (Figure 35.3). In the smallminority of eligible patients
with relapsed lymphoma who fail to mobilize adequate num-
bers of PBSCs using combined G-CSF/plerixafor administra-
tion, allogeneic transplantation should be considered.
G-CSF-mobilized PBSCs now represent the commonest stem

cell source in patients undergoing allogeneic SCT. The apparent
safety of G-CSF doses in the range routinely used for autologous
stem cell mobilization (10–15 μg/kg for 4–6 days) has resulted
in its adoption as the standard approach for stem cell mobiliza-
tion in sibling and, increasingly, adult unrelated donors. The
options of both PBSC donation and bone marrow harvest, as
well as any expressed preference of the transplant centre, are dis-
cussed with volunteer unrelated donors. Donors who elect to
receive G-CSF also need to be aware of the 2–3% chance that
an additional bone marrow harvest will be required if G-CSF
fails to mobilize sufficient PBSC. Combined G-CSF/plerixafor

administrationmay become an alternative option in this popula-
tion of normal donors in the future. Initial concerns that G-CSF
may predispose to the subsequent development of secondary
haematological malignancies in normal donors have not been
substantiated. Although the effects of G-CSF on the fetus are not
known, all female donors of childbearing age should have a neg-
ative pregnancy test prior to its administration.

Choice of stem cell source and dose

Autologous transplantation
The use of PBSCs as a stem cell source is associated with
more rapid engraftment than is observed with harvested bone
marrow and this, coupled with their ease of procurement, has
secured their role as the standard stem cell source in autol-
ogous transplants. The generally accepted minimum number
of haemopoietic progenitors required for engraftment after
autologous SCT is 2 × 106 CD34+ cells/kg. While increasing
the number of CD34+ cells transplanted hastens neutrophil
and platelet engraftment, there is little evidence that trans-
plantation of more than 5 × 106 CD34+ cells/kg is benefi-
cial and there remain concerns that higher stem cell doses
may be associated with an increased risk of tumour contam-
ination. In patients with myeloma, many centres aim to har-
vest a minimum of 4 × 106 CD34-positive cells/kg, using
G-CSF alone or in combinationwith plerixafor, in order that suf-
ficient cells are available so that a tandem transplant, or second
autograft at the time of relapse, is possible.

Sibling and unrelated donor transplantation
PBSCs are the most frequently used stem cell source for patients
undergoing a sibling allograft and are increasingly used in unre-
lated donor transplant recipients. While PBSCs are increasingly
utilised as the preferred stem cell source in reduced-intensity
allografts in order to optimise engraftment, it is less clear
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whether they are preferable to harvested bone marrow in
patients transplanted using a myeloablative conditioning regi-
men. Transplantation of PBSCs results in earlier neutrophil and
platelet engraftment, which may reduce transplant-related mor-
tality (TRM), particularly in patients with advanced leukaemia,
there are emerging data that their use may be associated with
an increased incidence of chronic GVHD compared with bone
marrow in patients transplanted without the use of TCD. This is
likely to be consequent on the five- to tenfold greater dose of T
cells in a PBSC harvest compared with bonemarrow. Thus while
PBSCs are commonly used in patients being allografted for
advanced leukaemia, where TRM is a major cause of treatment
failure, there are considerable centre differences in what is
deemed the optimal stem cell source in standard risk allo-
grafts. In paediatric transplantation, bone marrow remains the
preferred stem cell source and the use of PBSCs is less common.
Cell dose is an important factor determining outcome after

both matched sibling and unrelated donor transplants an obser-
vation is noted in recipients of both bone marrow and PBSCs.
A component of this effect is mediated through a reduction in
TRM likely consequent on accelerated immune reconstitution in
recipients of a higher stem cell dose. The lowest acceptable stem
cell dose to secure engraftment in recipients of a PBSC allograft
is considered to be 2 × 106 CD34-positive cells/kg (2 × 108

mononuclear cells/kg if bonemarrow is being used), although in
practice the great majority of patients transplanted with a PBSC
graft containing in excess of 1 × 106 CD34-positive cells/kg will
still engraft. Since outcome is improved with higher doses of
CD34-positive cells, most centres aim for a dose in the region of
4 × 106 CD34-positive cells/kg. In patients transplanted from an
HLA-identical sibling using a T-replete myeloablative regimen,
there is some evidence that the incidence of chronic GVHD is
increased if the stem cell dose exceeds 8 × 106 CD34-positive
cells/kg. In this setting it may therefore be reasonable to have a
target dose of 4–8 × 106 CD34-positive cells/kg. However, there
is no evidence, as yet, that there should be an upper limit on
cell dose in patients transplanted using an RIC regimen or if the
graft is T cell depleted.

Cord blood transplantation
UCB contains a high proportion of haemopoietic progenitors
and HSCs and is an increasingly important stem cell source
in paediatric and adult transplantation. Importantly, HLA dis-
parity appears better tolerated in recipients of UCB and as a
consequence the incidence of severe GVHD is lower with mis-
matched UCB than would be expected using a comparably mis-
matched unrelated donor. This has important implications in
terms of donor identification in patients with uncommon HLA
types for whom a suitably matched unrelated donor cannot be
readily identified. Amajor factor limiting the uptake of CBT has
been delayed or failed engraftment, which used to be a common
problem, particularly in adult recipients. The two most impor-
tant factors determining the likelihood of neutrophil and platelet

engraftment after CBT are nucleated cell dose and HLA dispar-
ity. More recently, it has been shown that transplantation of two
cord blood units, harvested from separate donors, increases the
speed of engraftment and is associated with a decreased risk of
primary graft failure. Consequently results approaching those
achievable using a well-matched adult unrelated donor are now
routinely observed in patients with high-risk leukaemia after a
double cord transplantation performed using cord blood units
that meet well defined cell dose and matching criteria. Immune
reconstitution is markedly delayed after CBT and viral infec-
tions, particularly CMV, HHV 6 and adenovirus, contribute to
the significant infectious-related TRM. A number of studies
identify the potential of in vitro manipulation of one or both
cord blood units, utilizing cytokines or other stem cell expansion
technologies, as a strategy to hasten engraftment and immune
reconstitution and are the subject of ongoing prospective stud-
ies. For all the reasons outlined above there is a compelling ratio-
nale that cord blood unit selection and transplantation should be
performed in transplant centres with expertise in this area.

Haploidentical stem cell transplantation
Transplantation from a haploidentical donor has historically
been associated with excessive rates of graft failure and severe
GVHDconsequent upon themajor degree ofHLAdisparity. Ini-
tial approaches utilized stringent ex vivo T-cell depletion cou-
pled with an intensely immunosuppressive conditioning regi-
men and transplantation of high doses of CD34-positive cells
to overcome these barriers. Whilst encouraging results were
reported from a few centres, an unacceptably high incidence of
viral infections and consequent complex post-transplant course
prevented this approach being widely adopted. A refinement of
this approach in which CD3-positive and CD19-positive cells
are depleted from the graft, thereby preserving dendritic cells,
monocytes and natural killer cells in the graft, has yielded
promising results, particularly in paediatric recipients. A radi-
cally different approach, in which cyclophosphamide is admin-
istered in the first few days post transplant, resulting in depletion
of alloreactive host and donor T cells, has recently been shown to
both result in high rates of engraftment and substantially reduce
the risk of severe GVHD. Although considerable uncertainty
remains concerning the degree towhich such amanoeuvre abro-
gates the GVL effect and increases the relapse risk, there are now
sufficient encouraging data to support the prospective examina-
tion of haploidentical grafts, delivered using the described novel
technologies, compared with other alternative stem cell sources,
such as cord blood.

Conditioning regimens: basic principles

The combination of drugs and radiotherapy administered prior
to stem cell infusion is termed the conditioning or preparative
regimen. In autologous SCT, where there is no alloreactive
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response, the sole purpose of the conditioning regimen is disease
eradication. The most common conditioning regimens used in
autologous transplantation utilize alkylating agents, alone or in
combination, and other chemotherapeutic drugs.
In the setting of allogeneic SCT the conditioning regimen

serves two purposes: immunosuppression designed to abrogate
an HVG reaction, thereby preventing graft rejection, and dose
escalation of chemoradiotherapy in order to de-bulk and poten-
tially eradicate tumour. Historically, only myeloablative (MA)
conditioning regimens, which lead to irreversible cytopenias,
were utilized in patients undergoing allogeneic SCT. However,
increasing recognition of the potency of the GVL effect, cou-
pled with awareness that the toxicity of the myeloablative reg-
imen precludes their deployment in patients older than 50–
55 years has led to the development of less intensive condi-
tioning regimens, which are designed to be tolerable in older
patients and rely on a GVL effect as the dominant antitumour
activity. Associated with a substantially reduced TRM, non-
myeloablative (NMA) (which results in only transient cytope-
nias) and RIC regimens (which delivers significant cytope-
nias and requires stem cell support, but employs substantially
reduced doses of chemoradiotherapy compared with myeloab-
lative regimens) allow allogeneic transplantation to be safely
performed in patients in whom it would previously have been
contraindicated on the grounds of age or comorbidity. The
remarkable success of RIC andNMA regimens in reducing early
transplant toxicity has resulted in a dramatic increase in the
number of allografts performed worldwide and has transformed
treatment options for many patients with AML, MDS, ALL and
relapsed lymphoma inwhomconventional chemotherapywould
be unlikely to deliver long-term disease-free survival. Currently
there is a proliferation of different RIC and NMA regimens
that require evaluation in prospective clinical trials. In addition,
although the reduction in conditioning intensity appears to be
associated with some increase in the risk of disease relapse, com-
pared with MA regimens, there may be an important role for
RIC allografts in younger patients because of their dramatically
reduced early mortality and possible longer-term benefits, such
as preserved fertility.

Conditioning regimens in autologous SCT

Conditioning regimens in autologous SCT are designed with
dose intensification in mind and are limited mainly by con-
siderations of extramedullary toxicity. High-dose melphalan
(200 mg/m2) is the standard conditioning regimen in myeloma
autografts. BEAM (carmustine, etoposide, cytarabine, melpha-
lan) is widely used in patients with lymphoma. In patients
with relapsed CNS lymphoma, thiotepa plays an important
role. Autologous transplants are indicated in certain patients
with AML, principally those with APML in second CR,
but sometimes also in patients with AML associated with a
CBF abnormality who lack an allogeneic donor, and both

busulfan/cyclophosphamide and cyclophosphamide/TBI are
effective preparative regimens in this setting. A number of other
drug combinations incorporating melphalan, busulfan and
thiotepa are used in solid tumours. The major extramedullary
toxicities of these regimens are mucositis and gastrointestinal
toxicity. Disappointingly, there are few prospective random-
ized data on which to base the choice of conditioning regi-
men in autologous SCT. In myeloma a randomized comparison
between a TBI-containing regimen and high-dose melphalan
alone demonstrated that no benefit was associated with the use
of TBI. Encouraging results have been reported in patients with
myelomawho receive a combination of busulfan andmelphalan,
but the results of prospective randomized trials are awaited.

Myeloablative conditioning regimens in
allogeneic SCT

The two commonest MA conditioning regimens used in allo-
geneic SCT employ combinations of cyclophosphamide and
either TBI or busulfan.

TBI/cyclophosphamide
Cyclophosphamide is an alkylating agent that, when admin-
istered in the doses routinely used in myeloablative condi-
tioning regimens (120–200 mg/kg), has both immunosup-
pressive and antileukaemic properties. It is a prodrug that
must be metabolized by the cytochrome P450 system in the
liver to produce metabolically active derivatives, principally
phosphoramide mustard, which exert their cytotoxic activ-
ity through the production of interstrand DNA links. The
two major complications of cyclophosphamide at the doses
employed in allogeneic transplantation are haemorrhagic cys-
titis and cardiac toxicity. Haemorrhagic cystitis results from
the toxic effects of a cyclophosphamide metabolite, acrolein,
on the uroepithelium and can be reduced by use of sodium
2-mercaptoethanesulfonate (MESNA), while cardiac toxicity is
very rare at doses of cyclophosphamide below 150 mg/kg.
TBI has dual immunosuppressive and antileukaemic prop-

erties when administered in myeloablative doses (typically 12–
14.4 Gy). Radiobiological principles predict that the toxicity of
TBI can be reduced by either decreasing the overall dose of radi-
ation or, as is now common, by giving it in fractionated formover
a number of days (e.g 14.4 Gy divided into eight fractions over
4 days). The degree of immunosuppression produced by TBI-
containing regimens is related to the total dose of irradiation
delivered. The use of higher TBI doses is therefore an effective
method of optimizing engraftment in myeloablative allografts
where there is use of TCD or an alternative donor and conse-
quently an increased risk of graft failure. Haematological malig-
nancies are highly radiosensitive and the risk of disease relapse
is reduced if a higher dose of TBI is used, although this bene-
fit is blunted by increased transplant toxicity (see below). Early
complications associated with the use of TBI include nausea,
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vomiting, diarrhoea and parotitis, which can usually be man-
aged symptomatically. Increased doses of TBI are also associated
with pneumonitis and veno-occlusive disease (VOD) of the liver,
both of whichmay be life-threatening. Long-term complications
include cataract formation, hypothyroidism, infertility and, in
children, growth retardation.

Busulfan/cyclophosphamide
Busulfan/cyclophosphamide (Bu/Cy) is a well-established MA
conditioning regimen which has the practical advantage of not
requiring the presence of irradiation facilities on site. Busul-
fan is an alkylating agent with potent activity against leukaemic
progenitors and is a core component of both allogeneic and
autologous transplant regimens. Historically, busulfan has only
been available as an oral preparation, used at a dose of 14–16
mg/kg delivered 6-hourly over a period of 4 days. In this formu-
lation, VOD and pulmonary and central nervous system (CNS)
toxicity represent major complications. The pharmacokinetics
of oral busulfan are highly variable because it undergoes first-
pass metabolism in the liver and there is therefore substantial
interpatient variability in plasma drug levels using a standard
dosing schedule. Because the incidence of VOD is closely cor-
related with higher plasma busulfan levels and patients with low
busulfan levels also have an increased risk of relapse, oral pre-
parations of busulfan are far from ideal. Two approaches have
been used to overcome this problem. A number of groups use
frequent (6-hourly) measurement of plasma busulfan levels dur-
ing the first 24 hours of administration of an oral preparation,
followed by dose adjustment over the following 3 days in order
to achieve a therapeutic busulfan level. Using such a targeted
approach, the Seattle group have achieved excellent results using
busulfan/cyclophosphamide with a very low risk of VOD and
reduced relapse rates compared with those achieved using oral
busulfan. The recent development of an intravenous formulation
of busulfan which is associated with more predictable pharma-
cokinetics is much better tolerated than oral preparations and
is rapidly becoming the preferred formulation of this important
constituent of both MA and RIC regimens. It should be remem-
bered that both oral and intravenous preparations require the
use of prophylactic phenytoin or clonazepam to prevent seizures,
a complication associated with the administration of high doses
of busulfan.

Alternative myeloablative conditioning
regimens
Fludarabine augments alkylator-induced cell killing in vitro and
regimens combining fludarabine with intravenous busulfan are
active and well tolerated. The incidence of VOD using this com-
bination appears to be low, and prospective studies of this poten-
tially important new MA conditioning regimen in patients with
high-risk myeloid malignancies are ongoing. Treosulfan is a
novel alkylating agent that shows promise as a component of
both MA and RIC regimens in patients allografted for myeloid

disorders – specifically MDS and MPN. In patients undergo-
ing a sibling allograft for ALL, etoposide is often substituted
for cyclophosphamide and a TBI/etoposide regimen have been
reported to be associated with improved outcome.
In non-malignant disorders, such as aplastic anaemia,

cyclophosphamide alone can be used as a conditioning regi-
men and is sufficiently immunosuppressive to permit engraft-
ment of allogeneic stem cells, provided an adequate stem cell
inoculum is transplanted. Addition of fludarabine is increasingly
used in conjunctionwith busulfan coupledwith alemtuzumab or
antithymocyte globulin (ATG) in patients with sickle cell disease
and thalassaemia.

Comparison of myeloablative conditioning
regimens

Sibling allografts
There are two central questions to be considered in the design of
myeloablative conditioning regimens: is there any survival bene-
fit to be gained from intensifying the conditioning regimen, and
are Cy/TBI and Bu/Cy equally effective preparative regimens?
Prospective randomized trials in patients undergoing a sibling
allograft for AML have failed to show any improvement in sur-
vival using an increased dose of TBI. Studies performed over two
decades ago showed that while increasing the TBI dose reduces
the risk of leukaemic relapse, this benefit is offset by a concomi-
tant increase in TRM. Similarly, there is no evidence that addi-
tion of busulfan to a cyclophosphamide/TBI regimen has any
impact on disease-free survival, because of the increased toxic-
ity associated with this regimen.
The decision to use Cy/TBI or Bu/Cy as a conditioning reg-

imen in sibling allografts has been studied in a number of ran-
domized studies, utilizing oral busulfan. Given the substantial
toxicity associated with the use of oral busulfan, the results of
these studies, which demonstrated broad equivalence of the two
regimens in patients with myeloid malignancies, need to be
interpreted with caution since they may well underestimate the
potential benefit of a busulfan/cyclophosphamide regimen uti-
lizing targeted or intravenous busulfan. Indeed, two recent large
retrospective analyses, including patients who received intra-
venous busulfan, suggest a survival advantage with Bu/Cy in
patients with AML. The results of a prospective randomized
comparison of BU/CY and Flu/Bu are awaited.

Unrelated donor transplants
The optimal conditioning regimen in patients undergoing an
unrelated donor transplant has not been determined and there
are few randomized trials in this setting. The greater degree of
HLA disparity associated with the use of an unrelated donor
results in a higher risk of graft failure than that observed using an
HLA-identical sibling. For this reason many groups elect to use
a Cy/TBI-based regimen, with its greater immunosuppressive
properties, although it should be noted that equivalent results
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have been reported in a number of large series using a Bu/Cy
regimen. The other important factor determining the choice of
conditioning regimen in unrelated donor transplant is whether
TCD is employed. Regimens utilizing rigorous ex vivo TCD are
associatedwith a higher risk of graft failure. In all patients receiv-
ing a TCD unrelated donor transplant, it is important to ensure
that the conditioning regimen is sufficiently immunosuppres-
sive if primary graft failure is to be avoided.

Cord blood transplants
The increasedHLAdisparity and high rates of primary graft fail-
ure in CBTmakes it critical to optimize the immunosuppressive
properties of the preparative regimen. In adults undergoing
transplantation using a myeloablative regimen, engraftment
rates in the region of 90–95% can be achieved by the addition of
fludarabine to a cyclophosphamide/TBI regimen, providing an
adequate stem cell inoculum is used. ATG was initially used as
additional GVHD prophylaxis in myeloablative CBT, but is less
commonly used now because of delayed immune reconstitution
and an increased risk of post-transplant lymphoproliferative
disorders.

Strategies for GVHD prophylaxis in
myeloablative regimens

Post-transplant immunosuppression using various combina-
tions of ciclosporin, methotrexate, prednisolone and mycophe-
nolate mofetil represent the commonest forms of GVHD pro-
phylaxis in patients after a myeloablative sibling or unrelated
donor transplant. Randomized trials from the Seattle group
established the use of intravenous ciclosporin (2.5–5 mg/kg
daily) and short-course methotrexate (administered on days
2, 4, 8 and 12 post transplant) as the most effective form
of GVHD prophylaxis in patients transplanted undergoing a
T-replete allograft using either an HLA-identical sibling or vol-
unteer unrelated donor. Rates of chronic extensive GVHD are
in the region of 30% and 66% for recipients of T-replete sib-
ling and unrelated donor transplants, respectively, despite the
use of ciclosporin/methotrexate GVHD prophylaxis. TCD is an
additional, and highly effective method of reducing the risk of
both acute and chronic GVHD. TCD can be achieved either by
manipulating the stem cell inoculum ex vivo or by the in vivo
administration of T-cell-depleting antibodies such as ATG or
alemtuzumab (a humanized monoclonal antibody that recog-
nizes CD52). Although a highly effectivemethod of GVHDpro-
phylaxis, TCD is associated with an increased risk of relapse and
graft failure and delayed immune reconstitution, increasing the
risk of post-transplant infections such as CMV and EBV. An
important recent randomized trial confirmed the ability of in
vivo ATG to reduce the risk of both acute and chronic GVHD
without increasing relapse risk or impacting overall survival
in recipients of a matched unrelated donor transplant. Clearly,
the form of GVHD prophylaxis used for any particular patient

should be selected with their individual risk of both GVHD and
relapse inmind. Thus itmay be desirable to avoid the use of TCD
in patients with advanced leukaemia in whom the risk of relapse
is high. In contrast, patients with a low risk of disease recurrence
may benefit from more intensive GVHD prophylaxis. However,
there remains no consensus concerning the use of TCD in allo-
geneic transplantation. Many UK and European groups, while
performing T-replete sibling allografts, would choose to use in
vivo TCD inunrelated donor transplant recipients. Compromise
strategies inwhichTCD is used at the same time as further inten-
sifying the conditioning regimen show promise.

Reduced-intensity conditioning regimens in
malignant and non-malignant disease

Reduced-intensity regimens which incorporate either fludara-
bine or low-dose (200 cGy) TBI as a core immunosuppressive
component reliably deliver durable donor stem cell engraftment
and are associated with amarkedly reduced toxicity, particularly
in older patients or those with significant comorbidities. The
recent demonstration that the risk of relapse after a RIC allo-
graft is both reduced in the presence of chronic GVHD and cor-
relates with the intensity of post-transplant immunosuppression
confirms that these transplant platforms also have the capac-
ity to exert a potent GVL effect. However, disease relapse and
GVHD remain major causes of morbidity and mortality after
RIC allografts and despite a proliferation of differing transplant
regimens there is little randomized data to inform the choice
of the optimal conditioning regimen. One of the only random-
ized comparison demonstrates contrasting activities of two of
the most widely used conditioning regimens in patients trans-
planted for AML in CR1: the Seattle low-dose TBI regimen and
the Flu/Bu/ATG regimen. Whilst the low-dose TBI regimen is
associated with a markedly reduced 100-day transplant-related
mortality this benefit is blunted by an increased risk of disease
relapse observed using this regimen. On the basis of these data
it is not possible currently to recommend an optimal condition-
ing regimen in older patients with AML and the results of ongo-
ing randomized comparisons examining other reduced intensity
conditioning regimens is a priority if patient outcomes are to be
improved.

Low-dose (200 cGy) TBI-based regimens
Pioneering work in a canine model by Storb’s group demon-
strated that durable engraftment could be achieved with an
NMA conditioning regimen that used immunosuppressive
doses of TBI (200–450 cGy) in conjunction with post-transplant
immunosuppression in the form of ciclosporin and mycophe-
nolate mofetil. Combined administration of fludarabine and
low-dose TBI (200 cGY) reliably achieves high rates of engraft-
ment and full donor chimerism with a substantially reduced
TRM, compared with myeloablative preparative regimens in
patients with a range of haematologic maligancies up to (and
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on occasions beyond) the age of 70. The main causes of treat-
ment failure using this regimen include a substantial risk of
chronic GVHD and disease relapse, particularly in patients with
advanced haematologic malignancies Up to 66% of patients
experience chronic extensive GVHD, the management of which
is often very challenging in elderly and more frail patients.

Fludarabine-based RIC regimens
The most commonly utilized RIC regimens all incorporate an
immuosuppressive fludarabine backbone administered in com-
bination with a range of myelosuppressive drugs including mel-
phalan, busulfan, treosulfan and cyclophosphamide. In common
with NMA regimens, RIC regimens deliver long-term disease-
free survival in patients with both myeloid and lymphoid
malignancies and are associated with markedly reduced early
transplant toxicity. Initial RIC regimens utilized T-replete stem
cell incocula and were associated with a significant risk of severe
acute and extensive chronic GVHD. Given the significant risk of
GVHD associated with the use of both regimens, a major area of
recent clinical research has focused on defining the optimal form
of GVHD prophylaxis.

Strategies for GVHD prophylaxis in RIC
regimens

Currently, two contrasting approaches are used for GVHD pro-
phylaxis in patients undergoing an RIC allograft. The first uses
combinations of ciclosporin or tacrolimus, methotrexate and
mycophenolate mofetil as the sole form of GVHD prophylaxis
and is used in patients transplanted using a T-replete stem
cell inoculum. Methotrexate can be omitted by using either
sirolimus (an MTOR inhibitor) or mycophenolate mofetil. The
alternative approach uses ciclosporin alone in combination with
either ATG or alemtuzumab as in vivo TCD. Supporters of such
aT-depleted approach argue that the incidence of acute, and par-
ticularly chronic, GVHD is otherwise unacceptably high, partic-
ularly in older patients transplanted using an unrelated donor.
It can also be argued that this strategy generates an effective
platform for the subsequent delivery of DLI with less GVHD-
related toxicity. They point to the effectiveness of ATGand alem-
tuzumab in reducing the risk of GVHD while at the same time
securing high rates of durable donor engraftment. Those favour-
ing a T-replete strategy highlight potential abrogation of a GVL
effect by TCD. They also cite the delay in immune reconstitu-
tion associated with the use of TCD and consequent increased
risk of viral, particularly CMV, infection. As with many debates
in transplantation, there are no randomized data to support
either approach. Substantial numbers of patients achieve durable
remissions with both T-replete and TCD regimens. While there
may be an increased risk of disease relapse with a T-cell-depleted
regimen,muchwould appear to depend on the intensity of TCD,
the form of post-transplant immunosuppression employed and
whether adjunctive donor lymphocyte administration (DLI) in

patients withmixed T-cell chimerism is mandated. Randomized
clinical trials in this important area remain a priority.

Clinical management of patients
undergoing stem cell transplantation

The use of PBSCs coupled with improved supportive care has
decreased the 100-day TRM of autologous transplantation to
1–3% inmost centres. Themorbidity andmortality of allogeneic
SCT has also continued to fall over the last two decades, but
the 1-year TRM remains in the region of 15–25%, depending on
patient age, donor type, disease status and stem cell source. This
progress reflects advances in supportive care and, in patients
undergoing an unrelated donor transplant, more accurate
tissue typing.Despite this organ toxicity, acuteGVHDand infec-
tions consequent on delayed immune reconstitution still repre-
sent major causes of morbidity and mortality in the first few
months after allogeneic transplantation (Figure 35.4). In addi-
tion, chronic GVHD remains an increasing burden for patients
and transplant services alike, with the increasing use of mis-
matched unrelated and cord blood donors. The long-term com-
plications of allogeneic transplantation, which can significantly
compromise a patient’s quality of life, are also increasingly rec-
ognized and have led to the introduction of specific late-effects
clinics where multidisciplinary input from transplant physi-
cians, endocrinologists, gynaecologists, ophthalmologists and
psychologists can be provided.

Practicalities of stem cell infusion and blood
product support

Stem cell products are infused in the same way as other blood
products except for the fact that online blood filters should
not be used. Stem cell products must not be irradiated. They
may either be infused once collected or, in the case of cryo-
preserved products, be infused immediately after being
unfrozen, at the patient’s bedside. The most common side-effect
of the cryopreservative (dimethyl sulfoxide, DMSO) is nausea,
but since it is excreted by the lungs, a garlic-like odour is also
observed for 2–3 days after stem cell infusion. Damage to red
blood cells releases free haemoglobin, which can precipitate
acute renal failure, and thus patients should be adequately
hydrated prior to stem cell infusion and for the following hours.
In all patients urine output must be monitored closely.
Patients will require red cell and platelet support during the

immediate post-transplant period. In allograft recipients, partic-
ularly cord blood transplants and patients receiving myelotoxic
drugs such as ganciclovir, platelet transfusion may be required
for a number of months after transplantation. All cellular blood
products should be irradiated (25 Gy) prior to administration
in order to prevent transfusion-related GVHD (see Chapter 13).
This should be commenced 6 weeks prior to transplant and is

662



Chapter 35 Stem cell transplantation

Other, 18%

GVHD, 17%

Other, 15%

GVHD, 19%

Other, 17%

Second malignancy, 1%

Organ failure, 7% Infection, 7%

Primary disease
38%

Second   
malignancy, 1%

Organ failure, 5%

Infection, 12%

Primary disease
49%

Second
malignancy, 1%

Organ failure, 4%

Infection, 8%

Primary disease
69%

Autologous

HLA-identical sibling

Unrelated donor

Figure 35.4 Causes of death after stem cell transplantation
2001–2006. (Courtesy of the International Bone Marrow
Transplant Registry.)

continued for 6 months after an autologous transplant or indef-
initely for allogeneic transplants. In patients undergoing allo-
geneic SCTwhere there is amajor ABO incompatibility between
donor and recipient (e.g. a group O recipient receiving group A
bone marrow), the graft must be depleted of red cells prior to
administration, unless PBSCs are being transplanted, in which
case red blood cells are usually effectively depleted during leu-
capheresis, although on occasions the stem cell product may
need to be administered after two days. Measurement of anti-
A or anti-B titres, as appropriate, is mandated in all patients
undergoing an allogeneic transplant associated with a major
ABO incompatibility. The subsequent choice of blood group
for platelets or red cells depends on the precise nature of the
ABO incompatibility, the time from SCT and the results of blood
grouping. For example, if the donor is group A and the recipient
is group B, red cells with blood group O would be used until

the patient began to type as blood group A, whereas group AB
platelets (lacking anti-A and anti-B) would be infused. Delayed
erythroid engraftment or haemolysis caused by continuing syn-
thesis of isohaemagglutinins by host lymphocytes may occur
several weeks after stem cell infusion and is associated with the
presence of a positive direct antiglobulin test and antidonor red
cell antibodies in serum or red cell eluates.

Complications of allogeneic SCT
Early complications (days 0–90)
Graft failure
Primary graft failure is defined as failure to achieve a neutrophil
count above 0.5 × 109/L for three consecutive days within 28
days of stem cell infusion. Risk factors include transplantation
of a low CD34 or mononuclear cell dose, increased donor–host
HLAdisparity and the deployment of TCD, particularly using ex
vivo depletion technologies. The mortality of primary graft fail-
ure is in excess of 50% and it should be suspected in any who fail
to demonstrate evidence of neutrophil engraftment by day +21.
Mandatory investigations include an urgent bone marrow aspi-
rate and trephine and chimerism studies. Patients with no mor-
phological evidence of engraftment (as demonstrated by a good-
quality trephine biopsy) and an absence of donor chimerism
require a second transplant, preferably utilizing G-CSF mobi-
lized PBSC, after administration of a second conditioning reg-
imen incorporating fludarabine with or without low-dose TBI
designed to maximize host immunosuppression. Alternatively,
on the rare occasions when the liklihood of securing an addi-
tional incoculum of stem cells from the original donor is low, an
urgent search for a new, usually unrelated, donor or infusion of
cryopreserved autologous stem cells, can be considered.
Secondary graft failure is defined as the occurrence of sus-

tained neutropenia and thrombocytopenia (usually for more
than 7 days) after initial donor engraftment in the absence of
disease relapse. It is rare in sibling allografts and occurs predom-
inantly in recipients of mismatched or unrelated donor trans-
plants. The aetiology of secondary graft failure is often complex,
but causes that need to be considered include late graft rejection,
drugs (particularly ganciclovir and on rare occasions cotrimox-
azole), viral infection (CMV, HHV-6 and parvovirus B19) and,
rarely, hypersplenism. Secondary graft failure is associated with
significant mortality related to fungal infections and must be
investigated urgently with a bone marrow aspirate and trephine,
urgent chimerism studies and virological assessment to exclude
parvovirus B19 or human herpesvirus (HHV)-6 infection. In
patients with a hypocellular marrow and evidence of donor T-
cell engraftment, a second infusion of CD34-positive selected
PBSC is required.

Acute graft-versus-host disease
Acute pattern GVHD usually occurs within the first 3 months
post transplant, at or near the time of engraftment, and is
characterized by the presence of rash, diarrhoea or abnormal
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liver function tests. Depending on the conditioning regimen
and GVHD prophylaxis employed, between 20% and 70% of
patients will develop this disorder. Acute pattern GVHD occur-
ring after 3 months, with no features of chronic GVHD, is also
increasingly recognized in patients receiving RIC transplants,
often folllowingwithdrawal of immunosuppression. Risk factors
for the development of acute GVHD include increased recipient
age, unrelated or HLA-mismatched donor transplantation and
the use of a female donor. Children have a lower risk of acute
GVHD and recipients of CBT may have a lower incidence of
GVHD compared with adult bone marrow transplantation with
similar degrees of HLA disparity.
Skin GVHD typically presents as a maculopapular rash

involving the face, neck, palms and soles, but may extend to
involve the whole body (Figure 35.5). In the worst cases it pro-
gresses to erythroderma, with bullae formation and painful blis-
tering. Histology shows apoptosis at the base of dermal crypts,
dyskeratosis and evidence of lymphocytes in a perivascular
distribution or adjacent to dyskeratotic keratinocytes. Gastro-
intestinal involvement presents with nausea, vomiting, secre-
tory diarrhoea and/or abdominal pain. Inmore advanced forms,
severe abdominal pain and distension associated with volumi-
nous, occasionally bloody, diarrhoea may occur. Gastric, antral
and rectal biopsies have a high diagnostic yield, with diagnos-
tic features including the presence of apoptotic cells in the base
of crypts and a lymphocytic infiltrate. A well-defined mani-
festation of upper gut GVHD is the development of anorexia
and nausea, both of which usually resolve rapidly if treated
with low-dose methylprednisolone (1 mg/kg). A rising biliru-
bin and raised alkaline phosphatase are the initial features
of liver GVHD, which typically develops later than skin or
gut GVHD. Liver histology is diagnostic and demonstrates a
portal tract lymphocytic infiltration, pericholangitis and bile
duct loss.
Accurate and early diagnosis of acute GVHD is essential for

effective management of this potentially life-threatening disor-
der. Where possible, diagnostic biopsies should be taken to both
confirm the presence of GVHD and assist in the exclusion of
other aetiologies. It is also important to stage GVHD accurately
and the criteria devised by Glucksberg (and recently updated by
the International Bone Marrow Transplant Registry) are widely
used (Table 35.2). This staging system is a reliable indicator of
prognosis and guides the intensity of treatment required. Grade
2–4 acute GVHD should be treated with high-dose methylpred-
nisolone (typically 2 mg/kg daily), which is tapered according
to response. In the setting of limited skin GVHD and upper gut
GVHD, topical or oral steroids (1 mg/kg) coupled with opti-
mization of ciclosporin levels may be sufficient to control symp-
toms. Approximately 70% of patients will improve significantly
with oral or intravenous corticosteroid therapy, but a number
will either fail to respond or relapse when immunosuppression
is tapered. Failure to respond to 5–7 days of intravenous cor-
ticosteroid therapy defines steroid-resistant acute GVHD, and

(a)

(b)

Figure 35.5 Acute skin GVHD: (a) acute cutaneous GVHD; (b)
chronic oral GVHD.

these patients require the use of second-line therapies. Steroid-
refractory acuteGVHDhas a poor prognosis, with a non-relapse
mortality in excess of 70%, which is consequent predominantly
on infectious complications – specifically fungal infections.
Currently, robust evidence supporting efficacy of second-line
treatments is lacking. Some patients with acute pattern GVHD
affecting skin may respond to phototherapy. Patients with pre-
dominant gut involvement may respond to oral non-absorbable
steroids or the monoclonal antibody infliximab. In other
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Table 35.2 Glucksberg staging of acute GVHD: (a) clinical staging; (b) clinical grading.

(a)

Stage Skin Liver bilirubin Gut

+ Maculopapular rash <25% body surface 34–51 μmol/L Diarrhoea 500–1000 mL/day or persistent nausea
++ Maculopapular rash 25–50% body surface 51–102 μmol/L Diarrhoea 1000–1500 mL/day
+++ Generalized erythroderma 102–255 μmol/L Diarrhoea >1500 mL/day
++++ Desquamation and bullae >255 μmol/L Pain ± ileus

(b)

Overall grade Skin Liver Gut
Functional
impairment

0 (none) 0 0 0 0
I (mild) + to ++ 0 0 0
II (moderate) + to +++ + + +
III (severe) ++ to +++ ++ to +++ ++ to +++ ++
IV (life-threatening) + to ++++ ++ to ++++ ++ to ++++ +++

(Source: Blume et al., 2004 [Thomas’ Hemopoietic Stem Cell Transplantation, 3rd edn]. Reproduced with permission of Wiley.)

patients, treatment with other monoclonal antibodies such as
daclizumab or pentostatin may be of benefit. More recently,
encouraging results have been reported with the use of donor
or third-party mesenchymal stromal cells, with a response rate
of 60–70%. Application of this approach will require evaluation
in prospective randomized studies. Patients with acute severe
GVHD often require intensive supportive measures, including
replacement of gastrointestinal losses, parenteral nutrition, pain
control and infectious prophylaxis.

Infectious complications (see also Chapter 23)
Bacterial, fungal, protozoal and viral infections are amajor cause
ofmorbidity andmortality after allogeneic transplantation.Host
factors include neutropenia, post-transplant immunosuppres-
sion and acute or chronic GVHD requiring steroid therapy.
Numerous additional factors contribute to delayed immune
reconstitution after an allograft and include thymic atrophy in
adults, the use of TCD and a suboptimal stem cell inoculum.
Infectious complications are a particular challenge after CBT.
The temporal pattern of infectious complications after allo-
geneic SCT is shown in Figure 35.6.
Considerable progress has been made in the development of

strategies to reduce the risk of infection after allogeneic SCT. All
patients should be nursed in single rooms, preferably with lami-
nar airflow or high-efficiency particulate air filtration. Evidence
supports the use of triazole antifungals, such as fluconazole 400
mg daily, as an effective means of reducing Candida infection.
Aciclovir (200–400 mg four times daily) is usually administered
to prevent herpes simplex virus (HSV) re-activation. Quinolone

antibiotics (e.g. ciprofloxacin 500 mg twice daily) are used by
some units to reduce the risk of severeGram-negative infections,
although the evidence supporting this measure is inconclusive
and practice should be guided by advice from local micro-
biologists concerning the prevalence and sensitivity of drug-
resistant organisms. Patients should receive cotrimoxazole (480
mg twice daily three times per week) at the time of neutrophil
engraftment (neutrophils >1.0 × 109/L) to prevent Pneumo-
cystis jirovecii infection. If allergic to cotrimoxazole, nebulized
pentamidine (300 mg monthly) can be substituted, although it
should be remembered that this provides incomplete protection
from Pneumocystis pneumonia and for this reason some units
prefer to use dapsone.

Bacterial

Days

Gram negative
and positive

Neutro-
penia

Acute GvHD

Chronic GvHD

Fungal AspergillusCandida

Viral HSV CMV VZV/late CMV

Encapsulated

0 50 100 150

Figure 35.6 Temporal pattern of infectious complications after
allogeneic stem cell transplantation.
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Allogeneic transplants, particularly recipients of TBI-
containing regimens, continue to be at long-term risk from
infections caused by encapsulated bacteria such as Streptococ-
cus pneumoniae and Haemophilus influenzae and require
lifelong prophylaxis with penicillin (250 mg twice daily) or
erythromycin (250 mg twice daily) if allergic to penicillin.
Antibody titres to diseases for which childhood vaccination
is performed decline after SCT. Re-vaccination to bacterial
organisms which are targeted by childhood immunizations is
therefore recommended, particularly in allograft recipients, and
most centres commence such a programme 6–12 months after
transplantation.

Herpesvirus infection: CMV, HSV, varicella zoster and HHV-6
Human CMV is a ubiquitous herpesvirus present in up to 60%
of the general population, which re-activates after allogeneic
SCT in seropositive recipients or those transplanted from a
seropositive donor, giving rise to either asymptomatic infection
or, less commonly, end-organ damage (CMV disease). Patients
at the highest risk of CMV re-activation are seropositive recip-
ients, especially those who receive TCD or unrelated donor
grafts, and patients who develop GVHD requiring steroid
therapy. Recent studies from the EBMT have demonstrated
improved transplant outcome in CMV-positive recipients trans-
planted from a CMV-positive donor, and CMV status is now an
important consideration in the choice of an optimal volunteer
unrelated donor. CMV re-activation occurs in 40–80% of
at-risk patients and until recently a substantial number of such
patients developed CMV disease most commonly manifests as
pneumonitis, but can rarely cause gastrointestinal ulceration,
hepatitis and retinitis. Historically, CMV was the commonest
cause of infectious death after allogeneic transplantation, but
it is now possible to detect low levels of CMV infection after
transplantation using polymerase chain reaction (PCR)-based
detection of CMV, which allows the timely introduction of
pre-emptive therapy with intravenous ganciclovir, a nucleoside
analogue that inhibits viral thymidine kinase, or its oral prodrug
valganciclovir. This has markedly reduced the incidence of early
CMV disease, although late CMV infection (beyond 100 days
post transplant) and on occasion disease is an increasingly
recognized problem. Primary infection of seronegative patients
may occur as a result of the infusion of stem cell or blood prod-
ucts from a CMV-positive donor, but is rare. For this reason
seronegative transplant recipients should receive CMV-negative
or leucodepleted blood products to limit the possibility of
primary infection.
All patients at risk of CMV infection (all CMV-seropositive

patients and any patient with a seropositive donor) should
undergo weekly PCR or CMV antigenaemia testing from
engraftment until 100 days after transplantation. Patients with
CMV re-activation should be treated promptly with ganci-
clovir or valganciclovir. The major side-effect of ganciclovir is

myelosuppression, which is especially problematic in patients
transplanted using an unrelated or cord blood donor. Random-
ized studies have confirmed that this pre-emptive treatment
strategy reduces the risk of CMV disease and death after sib-
ling allogeneic transplantation. The use of prophylactic gan-
ciclovir, which is administered regardless of whether there is
evidence of CMV infection, does not improve outcome and is
associated with significant bacterial and fungal infections con-
sequent on high rates of myelotoxicity. For this reason a pre-
emptive approach to prevention ofCMVdisease is generally pre-
ferred. Foscarnet, a DNA polymerase inhibitor, has less myelo-
toxicity than ganciclovir and is effective as part of a pre-emptive
approach, although it is associated with significant nephrotoxi-
city.
The incidence of CMV pneumonitis after allogeneic trans-

plantation has substantially reduced since the advent of effec-
tive screening and pre-emptive treatment strategies. It occurs in
patients with evidence of CMV reactivation within the first 100
days after transplantation and typically presents with dyspnoea,
hypoxaemia and pulmonary infiltrates. Ganciclovir and foscar-
net are often ineffective in patients with established CMV pneu-
monitis. However, recent studies have demonstrated significant
activity of cidofovir, which is considered in some units as first-
line treatment in all patients with CMV pneumonitis. Cidofovir
is nephrotoxic, but can usually be safely administered if attention
is paid to adequate hydration and other nephrotoxic drugs, par-
ticularly foscarnet, are discontinued. The role of high-titre CMV
immunoglobulin in the treatment of CMVpneumonitis remains
unclear, although it is still widely used, if available. The effec-
tive treatment of CMV infection delays the development of an
immune response to CMV and as a result late (beyond 100 days
post-transplant) CMV re-activation and disease is increasingly
observed. Risk factors for late CMV infection include previ-
ous CMV re-activation, lymphopenia and the presence of active
GVHD.
Other members of the herpesvirus family have the potential

to cause significant morbidity after allogeneic SCT. The inci-
dence of HSV, which used to be very common in the first 30
days after SCT, has been sharply reduced by the use of prophylac-
tic aciclovir. Re-activation of varicella zoster virus (VZV) occurs
in up to 50% of at-risk patients after allogeneic SCT and typ-
ically presents as shingles with severe pain and a dermatomal
vesicular eruption. Less commonly, VZV re-activation presents
with atypical pain (headache or undiagnosed abdominal pain) in
the absence of a rash. Prompt treatment of VZV infections with
high-dose intravenous aciclovir is indicated after allogeneic SCT
to prevent dissemination, but also to reduce the severity of post-
herpetic neuralgia. HHV-6 is also increasingly being reported in
association with a syndrome variously associated with delayed
engraftment, encephalitis, classically with a psychiatric compo-
nent including hallucinations, and hepatitis in patients receiving
T-cell-depleted allografts or cord blood transplants.
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Fungal infections
Fungal infections remain a major complication after SCT,
reflecting the absence of accurate diagnostic tests and the inad-
equacy of current therapies. A high index of clinical suspicion is
therefore required in transplant patients, particularly allografts,
and most units administer systemic antifungal therapy early
in the management of neutropenic fever. Risk factors for the
development of fungal infection include prolonged neutropenia
after SCT, the use of high-dose corticosteroids for treatment of
GVHD and a history of prior fungal infection.
Effective strategies exist for the prophylaxis and treatment

of infection with yeasts (Candida spp.), but are lacking for
infection with moulds such as Aspergillus spp. Candida infec-
tions typical manifest as oral thrush and less commonly as
oesophageal candidiasis. Hepatosplenic candidiasis is seen occa-
sionally, presenting with high spiking fevers at the time of
engraftment in association with abnormal liver function tests.
Ultrasound or computed tomography (CT) of the liver and
spleen will confirm the diagnosis. Prophylactic use of flucona-
zole (100–400 mg daily) has proved effective in reducing the
incidence of both superficial and invasive candidiasis. Patients
who develop either hepatosplenic candidiasis or candidaemia
should be treated with systemic antifungals, usually liposomal
amphotericin. All indwelling catheters must be removed. Emer-
gence of fluconazole-resistantCandida species such asCandida
kruseii or Candida glabrata is of concern, and sensitivity data
must be requested in any patient with Candida infection.
Aspergillus infections usually present prior to or shortly after

engraftment. The most common manifestation is as invasive
pulmonary aspergillosis (IPA), which typically presents with an
antibiotic-resistant fever, a significantly raised C-reactive pro-
tein, and abnormal chest radiography or high-resolution CT,
often in the absence of respiratory symptoms. Rarely inva-
sive Aspergillus infections can present with cerebral or hepatic
disease. Accurate diagnosis of Aspergillus infections remains
problematic since spores are only rarely cultured from lavage
fluid or infected tissues and the sensitivity and specificity of
other currently available diagnostic techniques is low. Contra-
dictory results have been obtained using galactomannan detec-
tion assays and the initially encouraging results with PCR tech-
nology have not been confirmed by all groups.Operationally, the
most helpful test in deciding whether IPA is a clinical possibility
is high-resolution CT of the chest, which should be obtained in
all patients with a neutropenic fever that has persisted for more
than 72 hours. While the characteristic radiographic features of
peripheral nodular shadows, with or without evidence of cavita-
tion or a ‘halo’ sign, may take weeks to develop, the presence
of any significant pulmonary infiltrate substantially increases
the likelihood of Aspergillus infection and is an indication for
the consideration of treatment doses of liposomal amphotericin
or voriconazole. Importantly, the liklihood of IPA in a patient
with a normal chest on high-resolution CT is low. Improved

antifungal prophylaxis and treatment now make it possible to
contemplate allogeneic transplantation in patients with a pre-
vious proven or suspected invasive fungal infection. Risk fac-
tors for recrudescence of fungal disease in this setting include a
short period (<6 weeks) of antifungal treatment prior to trans-
plant, the use of bone marrow or cord blood cells as opposed to
PBSCs, occurrence of grade 2 or greater acute GVHD, and CMV
re-activation.

Organ toxicity
Gastrointestinal toxicity
Mucositis is frequently observed in patients transplanted using
an MA conditioning regimen, but is less common in patients
transplanted using an RIC regimen. Symptoms of oral pain and
pain on swallowing typically develop in the first few days after
stem cell infusion and peak approximately 8 days post trans-
plant. The severity of mucositis is closely correlated with the
intensity of the conditioning regimen, the use of higher doses
of fractionated TBI and the inclusion of methotrexate as a com-
ponent of the GVHD prophylaxis regimen. Patients with severe
mucositis should receive adequate (often opiate) analgesia and
be monitored for evidence of airway obstruction. In patients
who develop symptoms of severe oesophagitis, the possibility of
superadded infection with Candida albicans or HSV must be
considered, the latter typically being associated with intractable
vomiting.
Diarrhoea and/or abdominal pain are common manifesta-

tions of conditioning toxicity. Alternative causes of diarrhoea
in the first 4 weeks after transplantation include enteritis due to
Clostridium difficile, rotavirus or CMV, acute GVHD and pan-
creatitis. VZV re-activation can occasionally present with severe
abdominal pain, often in association with markedly deranged
liver function tests sometimes days in advance of, or even in the
absence of, the development of classic vesicles.

Liver toxicity
Abnormalities in liver function tests are commonly observed
after allogeneic SCT and causes include VOD, drugs, infec-
tious complications, cholelithiasis, acute GVHD and transfu-
sional iron overload (Table 35.3). VOD is a clinical syndrome
characterized by a triad of hyperbilirubinaemia (bilirubin >34
μmol/L), weight gain (>5% over baseline) and painful hep-
atomegaly. It is associated with evidence of damage to sinusoidal
endothelial cells and hepatocytes and subsequent damage to the
central veins in zone 3 of the hepatic acinus. In severe cases
hepatic venular occlusion and widespread zonal disruption may
lead to portal hypertension, hepatorenal syndrome, multiorgan
failure and death. Risk factors for the development of VOD
include the use of conditioning regimens containing busulfan
or higher doses of TBI, pretransplant abnormalities of liver func-
tion tests, previous abdominal irradiation and recent exposure to
the anti-CD33 antibody gemtuzumab ozogamicin (Mylotarg). A
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Table 35.3 Causes of abnormal liver function tests after allogeneic
SCT.

Precipitant Clinical presentation

Veno-occlusive disease Hyperbilirubinaemia associated
with weight gain, ascites and
painful hepatomegaly

Drugs Ciclosporin
(hyperbilirubinaemia), azole
antifungals (raised AST)

Haemolysis Fall in Hb associated with
unconjugated
hyperbilirubinaemia and
positive Coombs test

Biliary obstruction Dilated biliary tree associated
with gallbladder ‘sludge’ or
cholelithiasis

Infection Viral hepatitis, fungal infection
(disseminated aspergillosis or
candidiasis), cholangitis lenta
(progressive development of
obstructive picture occurring
days after an episode of sepsis)

diagnosis of VOD is most commonly made on clinical criteria.
Hepatic Doppler studies demonstrating evidence of reversal of
portal flow support the diagnosis. Definitive diagnosis requires
transjugular venous liver biopsy, which has significant morbid-
ity in the early post-transplant period and is therefore often
avoided. It is important to exclude other causes of hyperbiliru-
binaemia, particularly ciclosporin toxicity (which can present
with a very similar clinical picture), haemolysis (typically con-
sequent on donor–recipient ABO mismatch or transplantation-
associated microangiopathic haemolytic anaemia) and the hep-
atitis of sepsis (cholangitis lenta). Management is supportive,
consisting of careful fluid balance, the judicious use of diuret-
ics and, where necessary, haemofiltration. There is now con-
vincing evidence that defibrotide can effectively treat severe
VOD. Because of the clinical similarities between VOD and
ciclosporin toxicity, it is wise to discontinue ciclosporin for at
least 48 hours in any patient in whom a diagnosis of VOD is
suspected.

Renal toxicity
The importance of the daily monitoring of weight, fluid balance
and renal function in the effective management of patients after
SCT cannot be over-estimated. Impairment of renal function is
frequently observed after allogeneic SCTunless careful attention
is paid to fluid balance and the nephrotoxic potential of drugs
commonly used during SCT, especially ciclosporin, ampho-
tericin, aminoglycosides and loop diuretics. Ciclosporin-related

renal toxicity is usually easily reversible by temporary omission
and dose reduction. Occasionally, ciclosporin toxicity manifests
itself as a microangiopathic haemolytic anaemia (MAHA), with
features of thrombotic thrombocytopenic purpura/haemolytic–
uraemic syndrome. Withdrawal of the drug is mandatory.
There is no convincing evidence that plasmapheresis is bene-
ficial. Introduction of an alternative immunosuppressant (e.g.
mycophenolate mofetil) in conjunction with oral corticosteroid
is required in patients who develop ciclosporin-inducedMAHA.
It is important to monitor for late renal toxicity in patients
receiving long-term ciclosporin.

Pulmonary infections and non-infectious complications
A range of pulmonary infections occur after allogeneic SCT. In
the first month after transplantation bacterial and fungal pneu-
monias are common.CMV, respiratory syncytial virus, influenza
andparainfluenza are important causes of pneumonitis, and typ-
ically occur in the first 90 days after transplantation. Pneumo-
cystis pneumonia and Toxoplasma infection are still seen occa-
sionally in the first few months after transplantation in patients
who do not receive, or who are not compliant with, cotrimoxa-
zole prophylaxis.
Non-infectious pulmonary complications occurring after

allogeneic transplantation can be reversible, but demand prompt
diagnosis if treatment is to be effective. Pulmonary oedema
consequent on either increased capillary hydrostatic pressure
caused by fluid overload or increased capillary permeability due
to irradiation or sepsis is frequently seen in the post-transplant
period. Idiopathic pneumonia syndrome, defined as diffuse
lung injury occurring after SCT for which no infectious or non-
infectious aetiology can be identified, typically occurs 30–50
days after transplantation. The classic presentation includes
dyspnoea, non-productive cough, hypoxaemia and non-lobar
infiltrates on chest radiography and can progress rapidly to acute
respiratory distress syndrome. Treatment is supportive, but fre-
quently unsatisfactory, and steroids have little effect on outcome.
Diffuse alveolar haemorrhage is seen predominantly in patients
undergoing autologous SCT, but can also be seen in allogeneic
recipients. This complication usually occurs within the first
2–3 weeks of transplantation and presents with dyspnoea,
non-productive cough and hypoxaemia. Radiographic changes
include interstitial or alveolar shadowing. Definitive diagnosis
requires bronchoscopy, which shows fresh blood on repeated
lavage. Early recognition of this disorder is essential since early
intervention with high-dose steroids may significantly improve
survival.

Post-transplant lymphoproliferative disease
Post-transplant lymphoproliferative disease (PTLD) includes a
spectrum of EBV-driven B-cell hyperproliferative states that
range from polyclonal benign proliferations to life-threatening
neoplastic disease.Most cases of PTLD involve EBV-seropositive
donors and present with lymphadenopathy and fever. In
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contrast to the PTLDs that develop following solid organ trans-
plantation, the majority of cases after SCT are of donor origin
and arise as a result of inadequate T-cell control of prolifera-
tion of EBV-infected B cells. Risk factors for the development
of PTLD include TCD, particularly the use of ATG and alem-
tuzumab, and increased HLA disparity. Weekly PCR quantita-
tion of EBV viraemia is indicated in patients undergoing allo-
geneic transplantation that incorporates ATG or alemtuzumab
and in all CBT procedures until 100 days post-transplant.
Patients with a rising EBV load may be managed by a reduc-
tion in immunosuppression or treated with pre-emptive anti-
CD20 monoclonal antibody (rituximab), although the triggers
for intervention differ between centres. In patients with a docu-
mented PTLD, early treatment with rituximab and, where possi-
ble, cessation of immunosuppressive therapy are the key to treat-
ment. DLI using EBV-specific cytotoxic T lymphocytes has also
been usedwith effect. Chemotherapy in patientswith rituximab-
resistant PTLD is rarely of value.

Intensive care support
The likelihood of developing organ failure requiring admis-
sion to the intensive therapy unit (ITU) after SCT varies widely
according to stem cell source (autologous versus allogeneic), the
intensity of the conditioning regimen and the presence of pre-
transplant comorbidities. While recent studies suggest a reduc-
tion in the proportion of transplant recipients requiring ITU
admission, it remains the case that at least 10% of allografted
patients, and in some institutions significantlymore, will require
ITU admission at some stage during their treatment.
Analysis of outcome in patients admitted to ITUhas identified

factors determining survival at varying stages after transplanta-
tion, allowing rational decisions about the likelihood of benefit
of sustained intensive care in patients with multiorgan failure.
Further sophistication in defining who will benefit from admis-
sion to ITU has been provided by the application of scoring sys-
tems. These include the Acute Physiology and Chronic Health
Evaluation (APACHE) II and III mortality prediction models
and Simplified Acute Physiology Score (SAPS) prognostic sys-
tems. Application of these scores prior to admission to ITU and,
where appropriate, after a 72-hour period on ITU is helpful in
identifying patients who will benefit from institution or contin-
uation of intensive support. A number of studies have indicated
that the development of progressive organ failure or the presence
ofmultiorgan failure 72 hours after admission to ITUpredicts an
extremely poor outcome. The careful integration of these data
into discussion with relatives and, where possible, patients can
spare many the indignity of prolonged and futile intervention.

Late complications
As the results of allogeneic SCT have improved, its long-term
complications have come to be better recognized. Chronic
GVHD, secondary malignancies, and growth and fertility

disorders represent an increasingly important cause of morbid-
ity in patients who have been cured of their underlying disease.

Chronic GVHD
Chronic GVHD refers to a complex syndrome occurring more
than 3 months following allogeneic transplantation and is its
commonest long-term complication. There is increasing recog-
nition that the onset of chronic GVHD onset can be variable
and also that patients may present features of both acute and
chronicGVHD(often referred to as overlap syndrome). Registry
data show that chronic GVHD occurs in approximately one-
third of patients undergoing T-replete transplants from HLA-
identical siblings, rising to two-thirds of patients receiving T-
replete grafts from unrelated donors. Risk factors for the devel-
opment of chronic GVHD include increased recipient age, the
use of PBSCs as opposed to bonemarrow as the stem cell source,
transplantation from an unrelated or HLA-mismatched donor,
the use of a T-replete stem cell inoculum and the presence of
prior acute GVHD. Chronic GVHD may develop directly from
acute GVHD (progressive), after the resolution of an episode of
acute GVHD, or de novo in patients with no history of chronic
GVHD. The clinical manifestations are characterized by features
of both immunodeficiency and ‘autoimmunity’ (Figure 35.7).
Previous grading systems for chronic GVHD have classified its
severity as limited or extensive (Table 35.4), although the util-
ity of this staging system has been questioned. Patients with
progressive-type onset, extensive skin involvement, thrombocy-
topenia or bronchiolitis obliterans have a particularly poor prog-
nosis. A new scoring system based on the number of organs
involved and the severity within each affected organ is likely to
be adopted, particularly in trials of novel therapies.

Immunodeficiency

Xerophthalmia

Xerostomia
Oral ulceration

Oesophageal web

Immune cytopenias
Autoantibodies

Vulval/vaginal
lichenoid changes

Myositis
Sensory or motor
neuropathy

Bronchiolitis
obliterans
Sinopulmonary
infections

Cholestasis

Lichenoid or
sclerodermatous
skin 
Fasciitis

Figure 35.7 Clinical manifestations of chronic GVHD.
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Table 35.4 Classification of chronic GVHD.

Limited chronic GVHD
Either or both
Localized skin involvement
Hepatic dysfunction as a result of chronic GVHD

Extensive chronic GVHD
Either
Generalized skin involvement

or

Localized skin involvement and/or hepatic dysfunction as a
result of chronic GVHD

plus

Liver histology showing chronic aggressive hepatitis bridging
necrosis or cirrhosis

or

Involvement of eye (Schirmer test with <5 mm wetting)

or

Involvement of minor salivary glands or oral mucosa
demonstrated on labial biopsy

or

Involvement of any other target organ

(Source: Blume et al., 2004 [Thomas’ Hemopoietic Stem Cell
Transplantation, 3rd edn]. Reproduced with permission of Wiley.)

Current treatment options are unsatisfactory and in the
first instance involve immunosuppression with ciclosporin or
prednisolone prior to the institution of a gradual reduction
in responding patients. In patients, who fail to respond or
who show steroid dependency, second-line therapies including
extracorporeal photopheresis, sirolimus and rituximab can be
effective. Extracorporeal photopheresis is particularly benefi-
cial in patients with sclerodermatous involvement but appears
to be less effective in patients with visceral disease. Ritux-
imab has been employed successfully in some patients, with
responses observed particularly in patients with musculoskele-
tal involvement. Other treatments suggested include non-
absorbable steroids for those with gut involvement, tacrolimus
(FK506), low-dose interleukin-2, thalidomide and imatinib.
Definitive prospective randomized data supporting any of these
strategies are lacking.

Secondary malignancies
The incidence of solid tumours in recipients of allogeneic SCT
is increased compared with control populations and includes a
higher rate of skin or buccal cavity squamous cell carcinoma and
melanoma. In the largest study to date, the cumulative incidence
of all solid tumours was 2.2% at 10 years and 6.7% at 15 years,
although the latter figure may represent an overestimate. Risk

factors for the development of secondary malignancies include
the use of TBI in the conditioning regimen and the presence of
chronic GVHD.

Growth, puberty and fertility
Retarded growth is seen predominantly in children who receive
transplants at a younger age (<10 years) and in those who have
received irradiation, particularly cranial irradiation. Growth
retardation is multifactorial and although growth hormone
levels may be diminished as a consequence of hypothalamic
or pituitary irradiation, this does not entirely account for the
observed reduction in height. Gonadal failure (both testicular
and ovarian) is a common consequence of myeloablative condi-
tioning regimens, particularly those that contain TBI or busul-
fan. While prepubertal females receiving cyclophosphamide
alone (as for transplantation in severe aplastic anaemia) have a
high probability of experiencing a normal puberty, most receiv-
ing other preparative regimens will fail to regain normal ovarian
function and will require sex hormone replacement therapy for
the induction of puberty. Thereafter sex hormone replacement
is indicated to maintain the menstrual cycle and normal bone
turnover/mineralization, but the optimal duration of therapy
and the potential long-term risks of hormone replacement ther-
apy in this setting are unknown. Although about 10% of women
who receive TBI-containing regimens may have some recovery
of gonadal function, the overall incidence of pregnancy is very
low. The advent of RIC raises the prospect that somewomenmay
remain fertile after transplantation and in this case prior thera-
pies and age will be additional factors determining fertility. In
males, cryopreservation of sperm should be performed at diag-
nosis since chemotherapy and transplantation both result in a
high rate of male infertility.

Complications of autologous SCT

The morbidity and mortality of autologous SCT is much
lower than that observed in allogeneic transplantation. The
major toxicities relate to immediate or delayed organ failure
caused by the conditioning regimen or complications conse-
quent on neutropenia or thrombocytopenia (Table 35.5). The
commonest infectious complications are bacterial and fungal
and occur in the main in the first 28 days after transplanta-
tion. Late complications are rare, but include pulmonary fibro-
sis in patients who have received busulfan and carmustine, and
gonadal failure in recipients of TBI or busulfan-containing regi-
mens. Female recipients of BEAM chemotherapy may recover
some gonadal function. The development of myelodysplasia
is a well-recognized late complication, particularly in patients
transplanted using a TBI-based regimen. It appears that prior
chemotherapy is an important factor in the development ofMDS
or AML since the leukaemia-associated cytogenetic abnormal-
ity, most commonly involving chromosome 5 or 7, is frequently
detected in the infused stem cell inoculum.
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Table 35.5 Immediate complications of autologous SCT.

Organ Complications

Lung Diffuse alveolar haemorrhage,
interstitial pneumonitis especially in
recipients of bleomycin/carmustine-
and TBI-containing regimens

Gastrointestinal Mucositis, nausea, diarrhoea
Hepatic Asymptomatic elevation of bilirubin or

AST, veno-occlusive disease
(especially recipients of
busulfan-containing regimens)

Renal Prerenal acute renal failure, renal
toxicity (nephrotoxic antibiotics),
interstitial nephritis

Cardiac Arrhythmias, cardiac failure
(cyclophosphamide)

Patient factors determining outcome after
allogeneic stem cell transplantation

Themajor causes of treatment failure after allogeneic transplan-
tation consist of transplant-related mortality, principally organ
toxicity, infectious complications GVHD and disease relapse
(see Figure 35.4). The risk of disease relapse is determined by
tumour biology and the intensity of the conditioning regimen.
However, although relapse risk is increased in patients trans-
planted using an RIC rather than an MA conditioning regi-
men, this is compensated for by an attendant reduction in TRM.
The last decade has seen a considerable advance in the devel-
opment of scoring systems that permit the relatively accurate
prediction of TRM after allogeneic transplantation. Whilst the
degree of patient–donor HLA mismatch and stem cell source
are important determinants of TRM, it is becoming increas-
ingly clear that patient comorbidities are a critical determi-
nant of outcome. The haemopoietic cell transplant comorbidity
index (HCT-CI) incorporates a range of patient-specific vari-
ables and predicts outcome after both MA and RIC allografts.
The advent of RIC regimens and alternative stem cell sources
has increased the importance of developing a robust estimate
of TRM. These important studies require validation in the con-
text of specific conditioning regimens, particularly TIC regi-
mens utilizing alternative donors or TCD, but offer the prospect
of developing a more rational basis of selecting candidates for
allogeneic transplantation. Thus, decisions concerning whether
to proceed to an allogeneic transplant are increasingly viewed as
a patient-specific appraisal of the predicted reduction in relapse
risk if patients are allografted compared with the predicted TRM
on the basis of the calculated HCT-CI, stem cell source and
donor–patient HLA disparity.

Indications for transplantation

SCT is now an essential constituent of the treatment strat-
egy for many haematological malignancies. In the case of
autologous transplantation, current practice has been informed
by the results of randomized controlled trials and registry stud-
ies comparing the outcome of transplanted patients with those
whohave received standard treatment. Improvements in the effi-
cacy of first- and second-line treatments (for example, the use
of rituximab, brentuximab and bendamustine in lymphoma and
the immune-modifying drugs inmyeloma)mean that the role of
autologous SCT will continue to be re-defined. Small molecular
inhibitor drugs are also showing great promise in the treatment
of indolent lymphoproliferative disorders and will likely change
current treatment paradigms. It remains very challenging to per-
form randomized trials in the setting of allogeneic transplan-
tation. Obstacles not only include randomization biases intro-
duced because of the fixed perceptions of either physicians or
patients, but also the very real problem that the allograft arm
may include a smaller proportion of patients with high-risk dis-
ease, given the propensity of such patients to relapse before they
reach transplantation. The only effective approach that allows
these biases to be removed has been the use of a ‘donor versus
no-donor’ analysis, which exploits the availability of an HLA-
identical sibling donor as a form of biological randomization.
However, such an approach is hard to apply in rarer diseases
and when most patients potentially have access to an alterna-
tive stem cell donor. Consequently, despite the development of
novel statistical methodologes such as theMantel–Byer analysis,
many of the recommendations concerning the role of allogeneic
transplantation in specific diseases will continue to be based on
registry data or institutional Phase II studies.
In order to provide a robust framework for SCT, the EBMT

publishes a regularly updated summary of indications for trans-
plantation (Table 35.6), allowing a consistent approach to be
adopted. This categorizes specific diseases according to whether
autologous or allogeneic. SCT is accepted as standard therapy, is
a promising treatment modality requiring further evaluation, or
is not indicated.

Factors determining the choice of an
allogeneic stem cell donor: the donor
algorithm

An HLA-identical sibling donor can be identified in about
one-third of patients eligible for an allogeneic transplant. In
older patients, where potential sibling matches may have med-
ical conditions precluding stem cell donation, the likelihood of
locating a suitable matched donor is significantly lower. Three
potential donor options now exist for adults lacking a suitable
HLA-identical sibling donor: (i) an unrelated adult donor, (ii) a
cord blood donor and (iii) a haploidentical related donor.
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Table 35.6 Indications for SCT.

Allogeneic SCT

Autologous SCT Sibling transplant VUD transplant

AML first CR
Good-risk cytogenetics NR NR NR
Standard-risk cytogenetics R R NR
Poor-risk cytogenetics R R R

AML second CR R R R
ALL (normal cytogenetics) first CR D R NR
ALL t(9;22) first CR R R R
ALL second CR R R R
CML first CP NR R (resistant to TKIs) R (resistant to TKIs)
MDS NR R R
Myeloma R R D
Hodgkin lymphoma first CR NR NR NR
Hodgkin lymphoma relapsed R R D
NHL DLBCL first CR D D D
NHL DLBCL relapse R R D
NHL follicular D R D
Aplastic anaemia NR R D
Haemoglobinopathies NR R D

ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; CML, chronic myeloid leukaemia; CR, complete remission;D, developmental;
DLBCL, diffuse large B-cell lymphoma; MDS, myelodysplastic syndrome; NHL, non-Hodgkin lymphoma; NR, not recommended; R, recommended;
VUD, volunteer unrelated donor.
(Source: Ljungman et al., 2010 [11]. Reproduced with permission of Nature Publishing.)

Thanks to the rapid expansion of unrelated donor registries,
over 20 million unrelated donors are now registered world-
wide. As a result it is possible to identify a suitable donor in
more than 75% of whites of European descent, although this
figure ismuch lower in other ethnic groups. Preferably the donor
should be matched for HLA A, B, C; DRB1 and DQB1 (10/10).
Initial results with unrelated donor transplantation were asso-
ciated with a high TRM and an increased incidence of severe
GVHD. In the last decade there has been a marked improve-
ment in outcome of unrelated donor SCT because of the avail-
ability of molecular typing at class I and II loci of the HLA com-
plex. As yet we lack sufficient information to allow us to identify
whether specific allelic mismatches are of particular clinical sig-
nificance. Although the recent growth in the size of unrelated
donor registries internationally has increased the availability of
volunteer unrelated donors, their unrepresentative ethnic com-
position limits the availability of donors for ethnic minorities.
In addition, lack of availability of a potential donor (for exam-
ple through being lost to contact) remains a significant problem.
Consequently, the timely identification of a suitable alternative
donor remains a challenge for a significant number of patients,
particularly those with high-risk acute leukaemia who require
urgent transplantation.

UCB has long been known to be a rich source of haemo-
poietic progenitors and recent results have demonstrated that
high rates of durable engraftment can be achieved in adults,
comparable to those achieved in children, providing the cell dose
is optimized. Importantly, it appears that greater degrees of HLA
mismatch can be tolerated using UCB than with a volunteer
unrelated donor. As a result it is possible to transplant a cord
blood unit mismatched at two or fewer HLA-A, -B or -DRB1
antigens, as long as an adequate cell dose is available. This, cou-
pledwith the speed of procurement of UCBunits, has resulted in
the emergence of cord blood as an increasingly important alter-
native stem cell source in both adults and children. Although
initial results usingUCB in adults were compromised by delayed
engraftment and a high rate of primary graft failure, these prob-
lems have largely been overcome by ensuring the use of a high
total nucleated cell dose or two cord blood units. As a result,
UCB is increasingly recognized as an important stem cell source
in adults with high-risk leukaemia lacking a suitable unrelated
donor, providing strict matching and cell dose requirements
are adhered to, although its precise role needs to be defined in
prospective clinical trials.
Until recently, haploidentical transplants were associated with

unacceptable rates of graft failure and GVHD because of the
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presence of HLA disparity at all major HLA antigens. How-
ever, the ability to maximize the stem cell dose, using G-CSF-
mobilized progenitors, coupled with the development of effi-
cient methods of TCD, has significantly improved outcome,
and it is now an important treatment option in children lack-
ing an unrelated donor. In adults, recent studies from groups
in Baltimore and Pennsylvania have shown the feasibility of T-
cell-replete haploidentical SCT followed by alloreactive T-cell
purging in vivo using a strategy of post-transplant cyclophos-
phamide; this approach removes alloreactive T cells that are
dividing rapidly in the first few days following transplant, but
leaves intact the non-alloreactive repertoire containing cells that
can respond to microbial and viral pathogens. Again, the role of
this, currently experimental, approach will need to be addressed
in clinical trials.

Management of disease relapse

Relapse after autologous SCT is caused by either resistance
of the underlying haematological malignancy to before it
becomes adopted as standard practice. The conditioning reg-
imen or infusion of contaminating tumour cells at the time
of transplantation. Recent data demonstrates that patients
with myeloma in whom the duration of response to the first
transplant was greater than 18 months benefit from a second
autograft, although whether this is superior to the outcome of
treatment with one of the newer agents such as bortezomib or
lenalidomide remains the subject of ongoing studies. Allogeneic
transplantation using an RIC regimen is an important treatment
option in patients with Hodgkin or non-Hodgkin lymphoma
who have relapsed after an autologous transplant.
Disease relapse remains the commonest cause of treatment

failure after allogeneic transplantation and is caused by either
resistance of tumour cells to the conditioning regimen or fail-
ure of the donor immune system to eradicate residual malignant
haemopoiesis. Possible mechanisms for tumour cells evading a
GVL effect include downregulation of HLA class I or II expres-
sion absence of costimulatory molecules on leukaemic blasts or
the location of residual cells in privileged sites such as the CNS
or testes. While it is possible to reduce the risk of disease relapse
after an MA allograft by increasing the intensity of the prepara-
tive regimen, this approach has not yet translated into improved
overall survival because of the increased TRM associated with
a more intense conditioning regimen. Consequently, optimiza-
tion of the GVL effect represents an important mechanism by
which the antileukaemic activity of an MA allograft can be aug-
mented. In routine clinical practice the options for manipulat-
ing a GVL effect are, however, limited and largely are restricted
to modifying the intensity of post-transplant immunosuppres-
sion, for example through the institution of a rapid ciclosporin
taper in patients at a high risk of disease relapse. While the pro-
phylactic use of DLI in patients deemed at high risk of relapse

is an attractive option, such an approach is difficult to effect
in practice because many patients will relapse early while still
on immunosuppression and before DLI can be administered. In
those patients inwhoma course of prophylacticDLI can be com-
menced before disease relapse, the risk of severe GVHD asso-
ciated with its use in the first 12 months after transplantation
represents a significant problem.
In patients transplanted using an RIC regimen, there is lim-

ited room for increasing the intensity of the conditioning regi-
menwithout increasing transplant toxicity, although the sequen-
tial FLAMSA regimens represent an important model of how
this might be achieved in future. In common with MA allo-
grafts, a GVL effect can be optimised by limiting post-transplant
immunosuppression and both the dose and duration of CsA or
tacrolimus post transplant represent important and manipula-
ble variables that require prospective evaluation in clinical tri-
als. There remains considerable debate as to whether the pres-
ence of mixed T-cell chimerism after an RIC allograft, which is
commonly observed in recipients of alemtuzumab-based allo-
grafts, is associated with an increased risk of disease relapse.
On the basis that it is an indicator of bidirectional tolerance
and therefore permissive for disease relapse, a number of units
administer prophylactic DLI in patients who have been trans-
planted using an RIC regimen in whommixed T-cell chimerism
persists after the withdrawal of post-transplant immunosup-
pression. Definitive data concerning the effectiveness of this
approach in improving outcome are not yet available. Alternative
strategies with the potential to reduce the risk of disease relapse
include the adminstration post-transplant of disease-modifying
agents such as tyrosine kinase inhibitors in the setting of AML
associated with an FLT3 ITD mutation or Ph+ leukaemias or
lenalidomide in patients allografted for multiple myeloma. Post-
transplant azacitidine has also been investigated in patients allo-
grafted for high-risk AML, given its ability in vitro to upregulate
tumour antigens and potentially augment a GVL response.
The management of patients who relapse after allogeneic

transplantation is complex and in many patients should
probably be palliative. This particularly applies to patients
transplanted for acute leukaemia who relapse within the first
12 months post transplant, or patients with a history of severe
acute or chronic extensive GVHD. However, there is now
a significant population of patients, who relapse more than
12–18 months post transplantation and have no active GVHD,
in whom DLI or a second transplant should be considered.
Two factors determine the use of DLI in clinical practice.
Firstly, the ability of DLI to deliver durable remissions is highly
dependent on the underlying haematological malignancy. Thus,
up to 80% of patients who have relapsed after an allograft for
CML will achieve a durable molecular remission with DLI,
in contrast to patients transplanted for acute leukaemia or
myeloma, where response rates are much lower. Secondly, prior
cytoreduction, and acquisition of a CR, appears to increase the
likelihood of patients with relapsed acute leukaemia achieving
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a durable response to DLI. The major complications of DLI
are myelosuppression and GVHD. Myelosuppression is most
commonly observed in patients with overt haematological
relapse and may require treatment with G-CSF and occasionally
transfusion of donor CD34-positive selected PBSCs. In early
studies, DLI was administered as a single bulk infusion and was
associated with a significant risk of severe GVHD. However,
the recognition that use of an escalating schedule of adminis-
tration substantially reduces the risk of severe GVHD without
compromising its efficacy has markedly reduced the toxicity of
DLI. The explanation of why early DLI is associated with such
a high risk of severe GVHD is unclear, but may relate to more
rapid expansion of donor alloreactive T cells in the profoundly
lymphopenic environment present in the first few months after
transplantation. An alternative approach in patients who relapse
late (more than 12–18 months post transplant) and in whom
there is no evidence of active GVHD is a second allograft using
an RIC regimen. Although associated with an increased TRM, a
number of studies now show a significant chance of long-term
disease-free survival after a second allograft in a significant
proportion of such patients.

Future developments in stem cell
transplantation

Autologous SCT

Relapse remains the commonest cause of treatment failure
in patients after autografting. Most of the drugs contained in
preparative regimens are already administered at close to the
limit of extramedullary toxicity and there is therefore little
room for further dose escalation. Consequently, efforts to
reduce relapse rate will depend on either altering the mode of
delivery of currently used agents or the development of new
forms of chemotherapy or radiotherapy. The recent advent of
an intravenous preparation of busulfan is an example of how
improved drug delivery can improve the pharmacokinetic
profile of an antitumour agent, thereby reducing toxicity and
increasing activity. Many haematological malignancies are
highly radiosensitive and there is interest in the possibility
of increasing the effective dose of irradiation delivered to the
marrow without increasing organ toxicity using radiolabelled
immunoconjugates. Early-phase clinical studies using α (131I)
or β (90Y) emitters conjugated to haemopoietic antigens, such
as CD45 or CD66, demonstrate that such an approach is
feasible, and Phase II studies in myeloma and lymphoma are
ongoing. Alternatively, drugs that disrupt tumour cell binding
to the bone marrow microenvironment, such as the CXCR4
antagonist plerixafor, may overcome cytoadhesion-mediated
drug resistance and increase the activity of drugs such as mel-
phalan. Although contamination of PBSC grafts by malignant
cells can undoubtedly contribute to disease relapse after an

autologous transplant, there is no evidence that purging of stem
cell collections reduces relapse risk.

Allogeneic SCT

The major advances in allogeneic transplantation in the past
decade have been the introduction of RIC regimens and the
increased availability of alternative donors. As a result, allo-
geneic transplantation is increasingly employed as a treatment
option in patients with haematological malignancies. However,
the challenges of allografting remain substantially unchanged:
GVHD, infection and disease relapse. Since all three, to a greater
or lesser extent, are consequent on a failure to regulate or harness
the donor immune response appropriately, advances in their
management are rarely made alone, but are interlinked.
The introduction of novel immunosuppressive agents remains

challenging, as few agents identified in preclinical studies are
successfully translated into clinical practice. However, newer
agents, including vorinostat (a histone deacetylase inhibitor),
bortezomib (a proteasome inhibitor) and an antagonist of CCR5
(a chemokine receptor implicated in GVHD) have also shown
promising results in early-phase trials in the setting of both
GVHD prophylaxis and therapy. Refractory chronic GVHD
may respond to imatinib (a tyrosine kinase inhibitor) or low-
dose interleukin-2, although further prospective studies will be
required to determine their role. In the setting of TCD,where the
risk of GVHD is low, the emphasis is on minimizing the impair-
ment in immune reconstitution and increased infectious com-
plications caused by depletion of donor T cells. One promising
approach by which this might be achieved is through the use of
‘add backs’ of antigen-specific T cells recognizing common post-
transplant viral pathogens such as CMV, EBV or adenovirus.
Such cells can be generated either by coculturing donor lym-
phocytes with APCs primed with candidate antigens, followed
by expansion, or by early selection on the basis of interferon-
γ secretion (a technique termed ‘IFN-γ capture’). Alternatively,
antigen-specific cells might be selected directly from peripheral
blood using immunomagnetic techniques based on labelling of
antigen-specific cells using HLA class I–peptide multimers. In
situations where a donor has no relevant immunity (e.g. where
a CMV-seropositive patient is transplanted from a seronega-
tive donor), gene transfer of a TCR specific for the relevant
viral antigen is under investigation. In order to improve cover-
age against multiple pathogens, infusion of donor lymphocytes
from which alloreactive T cells have been depleted may has-
ten immune reconstitution without incurring the risk of GVHD
normally associated with DLI. Such an ‘allodepletion’ strategy
can be achieved by either directly removing donor CD8+ T cells
from the infusion, given that CD8 cells are postulated to be the
major effectors of GVHD, or alloreactive T cells can be depleted
from the graft by incubating cells ex vivo with recipient APCs.
Activated T cells capable of mediating GVHD can be identified
by their expression of CD25 or other activation markers and
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removed using magnetic selection techniques or an immuno-
toxin. Preclinicalmodels have suggested that transfer ofmemory
phenotype T cells may also permit more rapid immune recovery
without inducing GVHD, although whether such cells are truly
representative of human memory T cells remains to be deter-
mined. There is also substantial interest in the feasibility of trans-
ferring naturally occurring or ex vivo expandedCD4+FoxP3+ or
IL-10-producing regulatoryT cells as ameans of preventing con-
ventional T cells from inducing GVHD. The best approach for
isolating and expanding these regulatory populations remains
unknown, but the results from early trials have shown promise.
From first principles, reducing the risk of relapse can be

achieved by increasing the intensity of the conditioning regi-
men (ideally without increasing transplant toxicity), administer-
ing antileukaemic therapies in the post-transplant period or by
optimizing the GVL effect. Incorporating radioimmunotherapy
(e.g. with antibodies directed at antigens specific for haemopoi-
etic cells or malignant cells) into the preparative regimen shows
promise in the setting of allogeneic as well as autologous SCT
and may prove of value in patients with advanced leukaemia,
where relapse is the most important cause of treatment fail-
ure. Alternatively, patients judged to be at high risk of relapse
may benefit from administration of adjunctive therapies after
transplantation (e.g. tyrosine kinase inhibitors or demethylat-
ing agents), reducing the residual disease burden while a GVL
response is established. Donor T cells that have been expanded
selectively to recognize tumour-associated antigens or lineage-
resticted minor H antigens (e.g. by expanding donor cells in the
presence of peptidemixes)may prove effective. Perhaps themost
exciting approach under investigation is the gene engineering
of T cells to express TCRs or chimeric antigen receptors spe-
cific for tumour-associated antigens. TCR gene therapy has the
advantage of targeting tumour antigens derived from intracellu-
lar proteins, but is limited by the need to use receptors that are
restricted to particular HLA types, and also by the potential for
cross-reactivity with other antigens. Chimeric antigen receptors
(CARs) have the advantage that they are not HLA-restricted, but
the disadvantage that they only recognize surface antigens. Ini-
tial data from Phase I clinical trials are very encouraging, even
in patients with advanced, refractory disease, and it is likely that
this strategy will emerge as useful adjunct to allo-SCT.
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Introduction

Haemostasis is one of a number of protective processes that have
evolved in order tomaintain a stable physiology. It interacts with
other body defence mechanisms, such as the immune system
and the inflammatory response. These links are most clearly
seen in ancient species such as the horseshoe crab (Limulus
polyphemus), where a primitive ‘coagulation’ pathway is ini-
tiated by entry of endotoxin into the haemolymph. Vestiges of
this process still exist in humans and may give rise to serious
clinical consequences. For example, disseminated intravas-
cular coagulation (DIC) can be initiated by Gram-negative
septicaemia. However, consequent upon the development of
a high-pressure blood circulatory system, extra components
have evolved and have resulted in a complex, highly integrated
process in all vertebrates (Figure 36.1). Indeed, analysis of the
haemostatic network in bony fish suggests that the network
in its entirety evolved over 430 million years ago, prior to the
divergence of bony fish from tetrapods.
The high blood pressure generated on the arterial side of

the vertebrate circulation requires a powerful, almost instan-
taneous, but strictly localized procoagulant response in order
to minimize blood loss from sites of vascular injury without
compromising blood flow generally. Systemic anticoagulant and
clot-dissolving components have also evolved to prevent exten-
sion of the procoagulant response beyond the vicinity of vascular
injury resulting in unwanted thrombus formation. The resultant
haemostatic system is thus a complex mosaic of activating or
inhibitory pathways that integrates its five major components

(blood vessels, platelets, coagulation factors, coagulation
inhibitors and fibrinolytic elements).
This chapter reviews current concepts of haemostasis in

humans to provide a background for the haemostatic disorders
described in succeeding chapters. It starts with an overview of
the response to blood vessel injury. Following this, each of the
five main areas are discussed in more detail.

Overview of haemostasis

In the most simplistic terms, blood coagulation occurs when
the enzyme thrombin is generated and proteolyses soluble
plasma fibrinogen, forming the insoluble fibrin polymer, or clot.
‘Haemostasis’ refers more widely to the process whereby blood
coagulation is initiated and terminated in a tightly regulated
fashion, together with the removal (or fibrinolysis) of the clot as
part of vascular remodelling. It is essentially the global process
by which vascular integrity and patency are maintained over the
whole organism, for its lifetime.
Although it is pedagogically convenient to present the subsys-

tems of haemostasis as if they operate independently, the whole
haemostatic mechanism is integrated in vivo so that throm-
bin generation is localized, limited and followed by fibrinolysis
and tissue remodelling, which are also localized and limited.
Furthermore, thrombin generation is not a simple exponen-
tial cascade, as was originally envisaged by Davie and Ratnoff
when the ‘waterfall’ hypothesis was described in the 1950s (Fig-
ure 36.2). Rather, it is a complex network of interactions with
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Figure 36.1 The haemostasis network. The network includes
elements of coagulation initiation via TF–FVIIa interaction,
amplification via the tenase (FVIIIa–FIXa) and prothrombinase
(FVa–FXa) complexes, feedback inhibition through specific
inhibitors, and clot dissolution by fibrinolysis. Module
organization of proteins is indicated (see Figure 36.8) and all
abbreviations are given in the text. Protein names are coloured as
follows: functionally active proteins, red; inactivated or inhibited
proteins, blue; precursors and fibrinogen-derived components,
black. Lines and arrows are coloured as follows: dashed red lines,
positive procoagulant feedback loops; dashed blue lines, negative
feedback and inhibitory loops; solid black lines, interactions or
processes. Cream boxes indicate assembly of macromolecular
complexes on a cellular phospholipid surface. The process of blood
coagulation is initiated by the exposure of cells expressing TF to
flowing blood. Thrombin generation is propagated by a series of

positive feedback loops, leading to fibrin deposition. This process
is controlled by a series of negative feedback steps: the initiation
complex is inhibited by the formation of the quaternary complex
TF–FVIIa–FXa–TFPI and the active proteases FIXa, FXa and
thrombin are inactivated by the serpin AT. In addition, thrombin
initiates a negative feedback pathway by activating PC, leading to
the inhibition of FVa and FVIIIa. The generation of fibrin leads to
activation of the fibrinolytic pathway through binding of tPA,
which leads to plasminogen activation and fibrin degradation. This
pathway is also subject to inhibition through the binding of the
serpins PAI-1 and α2-antiplasmin (α2AP) to tPA and plasmin,
respectively. All these processes, plus platelet activation, occur
simultaneously or with short lag times. (Source: McVey and
Tuddenham, 2007. Genomics of haemostasis. In: Genomics and
Clinical Medicine (Kumar, ed.). Reproduced with permission of
Oxford University Press.)
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positive and negative feedback loops. Thus, the effects of vary-
ing the concentration of any component in such a system are not
intuitively obvious.

Tissue factor initiates blood coagulation

Exposure of blood to cells expressing tissue factor (TF) on their
surface is both necessary and sufficient to initiate blood coagu-
lation in vivo, both in normal haemostasis and in pathological
situations such as thrombosis. Figure 36.2 presents a version of
the earlier cascade concept for intrinsic and extrinsic pathways
of thrombin generation. Although the contact system does not
appear to have a physiological role in haemostasis it remains a
valuable tool for understanding the common coagulation tests
that are used in clinical practice. TF is constitutively expressed
at biological boundaries such as skin, organ surfaces, vascular
adventitia and epithelial–mesenchymal surfaces, where it func-
tions as a ‘haemostatic envelope’. This ensures that, following dis-
ruption of vascular integrity, blood is immediately exposed to
cells expressingTF, leading to the initiation of blood coagulation.
The primary control of haemostasis is therefore the anatomical

segregation of cells expressing functional TF from other compo-
nents of the coagulation network present in blood.

Amplification of the initial stimulus

An updated concept of TF-initiated thrombin generation,
including the important feedback reactions of thrombin, is
shown in Figure 36.3. As stated above, it is now clear that the
physiological initiator of blood coagulation is exposure of the
circulating zymogen FVII tomembrane-boundTF.Activation of
FVII to the protease FVIIa and formation of a very high-affinity
complex of TF with FVIIa results in the activation of FIX and FX
by the TF–FVIIa complex. In the absence of its activated cofac-
tor FVa, FXa generates only trace amounts of thrombin from
prothrombin. Although insufficient to initiate significant fib-
rin polymerization, thrombin formed in this initiation stage of
coagulation is able to back-activate FV, FVIII and FXI by lim-
ited proteolysis. In the amplification phase of coagulation, FXIa
activates FIXa, which forms a complex with FVIIIa. This is the
intrinsic tenase complex (FVIIIa–FIXa) that activates sufficient
FXa to form a complex with FVa, producing the prothrombinase
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Figure 36.2 The coagulation cascade. The traditional concept of
blood coagulation with separate intrinsic (red) and extrinsic (blue)
pathways converging on the common pathway (green) with the
generation of FXa. The activated partial thromboplastin time
(APTT) is initiated by the addition of a contact activator (e.g.
kaolin or silica) and tests for deficiencies in the intrinsic pathway.

The prothrombin time (PT) is initiated by addition of
thromboplastin and phospholipids and tests for deficiencies in the
intrinsic pathway. The thrombin time (TT) is initiated by addition
of thrombin and tests for an inhibitor of thrombin (most
commonly heparin) or a problem with fibrin cleavage. HMWK,
high-molecular-weight kininogen; PL, phospholipid.
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Figure 36.3 The haemostasis network: fibrin generation.
Following vascular damage, blood coagulation is initiated by
exposure of FVII to cells expressing the integral membrane protein
TF. Activation of FVII to the protease FVIIa results in the
activation of FIX and FX by the TF–FVIIa complex. In the absence
of its activated cofactor FVa, FXa generates only trace amounts of
thrombin. Although insufficient to initiate significant fibrin
polymerization, trace amounts of thrombin formed in this

initiation stage of coagulation are able to back-activate FV and
FVIII by limited proteolysis. In the amplification phase of
coagulation, FVIIIa forms a complex with FIXa, activating
sufficient FXa that (in complex with FVa) leads to the explosive
generation of thrombin, ultimately leading to generation of a fibrin
clot. The tenase (FVIIIa–FIXa) and prothrombinase (FVa–FXa)
complexes assemble on phospholipid surfaces. Colours and
symbols as in Figure 36.1.

complex (FVa–FXa). This results in the explosive generation of
thrombin that ultimately leads to generation of a fibrin clot.
A key feature of these processes is the assembly ofmultimolec-

ular complexes on a phospholipid surface provided in vivo by
cell membranes. For procoagulant complexes such as tenase and
prothrombinase, this surface is provided by activated platelets.

Each of these complexes consists of a cofactor (TF, FVa, FVIIIa),
an enzyme (FVIIa, FIXa, FXa) and a substrate that is a zymogen
(FIX, FX and prothrombin) of a serine protease. The product
of one reaction becomes the enzyme in the next complex. The
cofactors FV and FVIII are themselves activated by limited pro-
teolytic digestion.
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Feedback inhibition of the procoagulant
response

The TF–FVIIa complex is rapidly inactivated by tissue fac-
tor pathway inhibitor (TFPI), released from thrombin-activated
platelets or found on the surface of endothelial cells, by the for-

mation of a quaternary inhibited complex (Figure 36.4). This
explains the requirement for further activation of FX via FIXa–
FVIIIa, and back-activation of FXI by thrombin, to permit fur-
ther activation of FIX. Figure 36.4 also indicates the role of one
of the other important inhibitors of the network, antithrom-
bin (AT), which damps down thrombin generation by forming
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Figure 36.4 The haemostasis network: inhibition of thrombin
generation. The initiation of blood coagulation via generation of
FIXa and FXa by TF–FVIIa is shut down by the action of TFPI,
which forms a quaternary complex with TF–FVIIa–FXa. Further
generation of FIXa occurs following back-activation of FXI by

thrombin. The serine proteases FIXa, FXa, FXI and thrombin are
all inhibited by AT. At the endothelial cell surface, thrombin bound
to TM activates PC bound to its receptor EPCR. APC in complex
with its cofactor PS inactivates FVa and FVIIIa by further
proteolytic cleavages. Colours and symbols as in Figure 36.1.
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inactive complexes with FIX, FX, FXI and thrombin. The rate of
inhibition by AT is substantially increased by binding a variety
of polysulfatedmucopolysaccharides known as glycosaminogly-
cans (GAGs) on the surface of endothelial cells.
Thrombin also proteolytically activates an anticoagulant

pathway, the protein C (PC) pathway (Figure 36.4). Throm-
bomodulin (TM), an endothelial cell surface receptor, plays
a pivotal role in the activation of this anticoagulant pathway.
TM binds thrombin and, by an allosteric mechanism, alters its
substrate specificity. The procoagulant substrates of thrombin,
including FV, FVIII and fibrinogen, are no longer efficiently pro-
teolysed. The preferred substrate of the thrombin–TM complex
is PC, a zymogen that is proteolysed to activated PC (APC). The
activation of PC can be augmented by another cellular recep-
tor, endothelial cell protein C receptor (EPCR), which provides
a direct endothelial cell binding site for PC and thus increases

the apparent affinity of the thrombin–TM complex for PC; how-
ever, not all endothelial cells coexpress TM and EPCR. In com-
plex with its cofactor, protein S (PS), APC rapidly inactivates
the procoagulant cofactors FVa and FVIIIa by specific proteol-
ysis, forming a negative feedback loop. The PC pathway is most
active in the microvasculature, where the relative concentration
of EPCR is highest.

Fibrinolysis

The final step in the regulation of fibrin deposition is the preven-
tion and/or rapid removal of insoluble fibrin by the fibrinolytic
system (Figure 36.5) described more fully later in the chapter.
Briefly, once sufficient fibrin is generated, it binds tissue plas-
minogen activator (tPA), leading to the increased activation of
plasminogen (PLG). This results in the formation of plasmin at
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Figure 36.5 The haemostasis network: fibrinolysis. Both PLG and
tPA bind to polymerized fibrin, promoting the cleavage of PLG by
tPA to active plasmin, which then degrades cross-linked fibrin to
soluble FDPs. Modulation of fibrinolysis is achieved by serpin

inhibition: PAI-1 inactivates tPA, while α2-antiplasmin (α2AP)
inhibits plasmin. In addition, TAFIa removes Lys residues from
fibrin, removing PLG and tPA binding sites. Colours and symbols
as in Figure 36.1.
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the site of the fibrin clot, which breaks down fibrin into solu-
ble fibrin degradation products. The fibrinolytic system is also
subject to inhibition through the action of inhibitors of tPA and
plasmin, namely plasminogen activator inhibitor (PAI)-1 and
α2-antiplasmin, respectively.

Blood vessels

The endothelium

The endothelium functions in a multitude of physiological pro-
cesses, including intracellular transport, the regulation of vaso-
motor tone and maintenance of blood flow. Endothelial cells
possess surface receptors for a variety of physiological sub-
stances, for example thrombin and angiotensin II, which may
influence vascular tone directly or indirectly through various
haemostasis-related events. Once activated, endothelial cells
express a variety of intracellular adhesion molecules, some
of which are released into the plasma. These include vascu-
lar cell adhesion molecule (VCAM), E-selectin, P-selectin and
von Willebrand factor (VWF), which modulate leucocyte and
platelet adhesion, inflammation, phagocytosis and vascular per-
meability.
However, the endothelium should not be regarded as a sim-

ple homogeneous cell type. It would appear that endothe-
lial cell phenotypes are differentially regulated. At any given
point in time, structural and functional phenotypes may vary
between segments of the vascular tree, and at any given loca-
tion the endothelial phenotypes may change from one moment
to the next. Endothelial cell heterogeneity occurs between dif-
ferent organs, within the vasculature of a given organ, and even
between neighbouring endothelial cells of a single vessel.

The platelet–vessel wall interaction

Healthy unperturbed endothelial cells exert a powerful inhi-
bitory influence on haemostasis by virtue of the factors they
release or express on their surface (see Figure 36.6a). Two of
these, prostaglandin (PG)I2 (or prostacyclin) and nitric oxide
(NO), also known as endothelium-derived relaxing factor, have
powerful vasodilator activity, acting on smooth-muscle cells in
the vessel wall (basal-directed secretion) and hence modulating
blood flow. Both substances inhibit aggregation of platelets and
leucocytes (luminal-directed secretion) by raising intraplatelet
levels of cyclic adenosine monophosphate (cAMP) and cyclic
guanosine monophosphate (cGMP), respectively (see below).
PGI2 is the major prostaglandin synthesized by endothelial

cells, a small amount also being produced by fibroblasts and
smooth-muscle cells. Its action on platelets involves binding to
a specific G-protein-coupled receptor (PTGIR) that activates
adenylate cyclase, thus increasing the intraplatelet cAMP con-
centration. This promotes Ca2+ uptake into the dense tubular
system and inhibits phosphatidylinositol metabolism, both of

which prevent platelet aggregation and the consequent release
of storage granules containing procoagulant molecules such as
VWF and FV. Thrombin, and other agents that are generated
at the site of injury, stimulate the synthesis of PGI2 by adja-
cent endothelial cells, which counteracts the platelet-aggregating
activity of the protease and thereby helps to localize platelet plug
formation. PGI2 is rather unstable, with a half-life of only a few
minutes in whole blood, and degrades spontaneously to 6-keto-
PGF1α. This degradation product is biologically inert, but in
some tissues a variable proportion of PGI2 may be enzymati-
cally converted to 6-keto-PGF1α or 6,15-diketo-13,14-dihydro-
PGF1α, which retain some platelet-inhibitory activity.
The once-held belief that PGI2 is a circulating hormone that

limits platelet–platelet interactions within the bloodstream is
probably false, as plasma levels of PGI2 are at least two orders
of magnitude below that needed to inhibit platelet aggregation.
Although in some settings, such as following severe trauma,
it is possible that markedly raised systemic levels could occur
transiently, it is more likely that PGI2 serves mainly as a local
hormone, principally concerned with vascular tone, but possi-
bly also inhibiting the extension of the platelet plug beyond the
immediate vicinity of any endothelial damage.
NO is synthesized in smooth-muscle cells, macrophages and

activated platelets, as well as by endothelial cells. Its synthesis
and secretion may be constitutive (when it serves as a local hor-
mone to ‘fine tune’ blood flow). Stimulated (inducible) synthesis
of NO also occurs in endothelial cells exposed to cytokines such
as interleukin (IL)-1, tumour necrosis factor (TNF) or endo-
toxin. This produces a slower but longer-lasting rise in NO and
can have undesirable side-effects, such as inflammation, cyto-
toxicity or prolonged hypotension. Like PGI2, it has a very short
half-life (3–5 s) and is rapidly oxidized to the inactive nitrite
(NO2

−) or nitrate (NO3
−) forms.

In addition to PGI2 and NO, endothelial cells also express an
ecto-ADPase (CD39) on their cell surface, which rapidly metab-
olizes ATP and ADP, released from activated platelets, to AMP,
thereby drastically reducing or abolishing platelet recruitment
and aggregation in response to thrombin.
The 21-amino-acid peptide endothelin (ET)-1 is the predom-

inant isoform of the endothelin peptide family, which includes
ET-2, ET-3 and ET-4. It exerts various biological effects, includ-
ing vasoconstriction and the stimulation of cell proliferation
in tissues both within and outside the cardiovascular system.
In the endothelium, ET-1 is predominantly released ablumi-
nally towards the vascular smooth muscle, where it acts as a
potent vasoconstrictor and mitogen for smooth-muscle cells.
In addition, ET-1 stimulates the production of cytokines and
growth factors. Furthermore, it stimulates neutrophil adhesion
and platelet aggregation and is chemotactic for macrophages.
Thrombospondin (TSP)-1 is an abundant constituent of the

α-granules of platelets and Weibel–Palade bodies of endothe-
lial cells. Upon release from platelets, TSP-1 binds to the
platelet surface in a Ca2+-dependent manner and interacts with
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Figure 36.6 Blood vessel architecture and functions in
haemostasis. (a) The anatomy of a generic vessel in the
resting state. The layer thicknesses vary widely between
arterial and venous circulation and between large and small
vessels. In the absence of vessel damage, cells expressing TF
are anatomically separated from components of the blood
coagulation network, preventing initiation of coagulation.
In addition, coagulation inhibitors present on the
endothelial surface and inhibitors of platelet aggregation
maintain vessel patency. (b) The localized haemostatic
response to vessel injury: initiation of coagulation by TF
exposure and platelet activation/aggregation by exposure of
extravascular collagen to plasma VWF. Procoagulant
responses away from the lesion site are damped down by
anticoagulant and antiplatelet factors derived from the
endothelium.

integrins αIIbβ3 and αvβ3, CD36 and the integrin-associated pro-
tein (IAP), integrin-bound fibrinogen and fibronectin. TSP-1
activatesαIIbβ3 through its binding to IAP. This results in spread-
ing of platelets and aggregation.

von Willebrand factor

VWF is a multimeric glycoprotein that plays an important role
in primary haemostasis by promoting platelet adhesion to the
subendothelium at sites of vascular injury under high shear-
rate conditions. It is also a carrier of FVIII and this association

protects FVIII from rapid proteolysis. Failure of FVIII to bind
VWF, as occurs in type 2N von Willebrand disease (see Chap-
ter 38), leads to its rapid turnover and resulting FVIII deficiency.
VWF is synthesized by endothelial cells, megakaryocytes and
platelets. In endothelial cells VWF may be secreted directly into
the circulation or stored in Weibel–Palade bodies. The VWF
produced in megakaryocytes and platelets is not secreted, but
stored in α-granules. Release of VWF from these stores occurs
following activation of endothelial cells or platelets. Some thera-
peutic products, such as desmopressin, may work by stimulating
release of stored VWF.
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Mature VWF is composed of disulfide-linked subunits, each
comprising 2050 amino acid residues and up to 22 carbo-
hydrate side-chains. Each subunit has a molecular mass of
approximately 278 kDa, of which 10–19% is carbohydrate. Two
subunits joined at their C-termini by a disulfide bridge form a
dimer. Additional disulfide bridges between dimers lead to the
formation of largermultimers that range in size from 500 kDa to
in excess of 10,000 kDa (Figure 36.7). The ultra-large VWFmul-
timers are predominantly stored, but when secreted by endothe-
lial cells may appear as globular molecules or as thin filaments
that are several microns long. These ultra-large VWFmultimers
can only be detected transiently in normal plasma because they
are cleaved by a plasmametalloproteinase (ADAMTS-13). Defi-
ciency or inhibition of ADAMTS-13 results in accumulation
of ultra-large VWF multimers in plasma, leading to enhanced
shear-induced platelet aggregation andmicrovascular thrombo-
sis, as seen in thrombotic thrombocytopenic purpura (TTP) (see
Chapter 43).
VWF contains binding sites for collagen, fibrinogen and the

platelet receptor, glycoprotein (GP)Ib. When vascular injury
exposes subendothelial collagen, VWF binds and becomes
unwound from its globular form (Figure 36.7c). This exposes
more binding sites and allows the capture of platelets from the
circulation. Thus VWF, and to some extent fibrinogen, act as
bridges between the platelet and the injured vascular wall.Muta-
tions in the genes encoding the GPIbα complex that lead to loss
of function cause the bleeding disorder Bernard–Soulier syn-
drome. Conversely, gain-of-function mutations in either VWF
or GPIb that increase the interaction lead to type 2B von Wille-
brand disease or pseudo (platelet-type) von Willebrand disease
(see Chapter 38).

Endothelial cell anticoagulant activities

Endothelial cells regulate coagulation by a number of mecha-
nisms. The activity of the PC pathway is promoted by expres-
sion of two cellular receptors. TM is constitutively expressed on
all endothelial cells with the exception of the brain. EPCR is
expressed strongly in the endothelial cells of arteries and veins
in the heart and lung, less intensely in capillaries in the lung and
skin, and not at all in the endothelium of small vessels of the liver
and kidney. In addition, endothelial cells synthesize and secrete
PS, the cofactor for APC in the inactivation of FVa and FVIIIa.
Endothelial cells regulate the initiation of coagulation by syn-

thesizing the main physiological inhibitor of the FVIIa–TF ini-
tiating complex, namely TFPI. This is described in greater detail
below. Endothelial cell-surface GAGs are important in binding
TFPI and alsomodulate the activity of AT, which inhibits throm-
bin and FXa and to a lesser extent FIXa and FXIa.

Endothelial cell-derived fibrinolytic factors

Three important fibrinolytic factors are detectable in the ves-
sel wall: tPA and PAI-1 are synthesized primarily by endothelial

cells, whereas urinary plasminogen activator (uPA, urokinase)
is mainly derived from fibroblast-like cells in the kidney and
gut. Unlike VWF and P-selectin, tPA and PAI-1 are not stored
in Weibel–Palade bodies and, in the resting state, synthesis and
secretion are slow, resulting in low circulating levels. However,
stimulated synthesis and release occur in response to a variety of
stimuli.

Coagulation factors

A summary of the characteristics of the proteins discussed,
including gene location, number of exons, molecular mass, cir-
culating concentration, plasma half-life and presumed function
can be found in Table 36.1. The domain structure and modular
nature of the proteins are shown in Figure 36.8. This demon-
strates the similarity between coagulation factors that belong to
the same protein family, such as the serine proteases (e.g. com-
pare FVII, FIX, FX and PC).

Tissue factor

The formation of the FVIIa–TF complex is regarded as the sole
initiator of coagulation in both normal and pathological coag-
ulation. The processed mature TF protein is 263 amino acids
in length after signal peptide cleavage. The 219-residue extra-
cellular region consists of two fibronectin type III domains
anchored into the cell membrane by a 23-residue transmem-
brane sequence. The extracellular region binds tightly to FVIIa
to form a highly active procoagulant complex. The 21-residue
cytoplasmic domain has been implicated in intracellular sig-
nalling; however, transgenic experiments in mice have shown
that this domain is not required for either development or pro-
coagulant function, so its role is still unclear.
Vascular adventitial cells, neuroglia, vascular smooth muscle

and epidermal cells express TF constitutively. It therefore forms
a protective envelope around blood vessels and organs, ready
to initiate clotting as soon as blood leaks out of vessels. TF is
also expressed by monocytes and endothelium after activation
by inflammatory cytokines or by endotoxin, as occurs in sepsis,
and on cancerous tissues. Intravascular exposure of TF by any
route, but particularly after atherosclerotic plaque rupture, can
result in pathological thrombosis. Recent work has also focused
on the novel hypothesis that functionally active TF can circulate
in flowing blood on small procoagulant particles (microparti-
cles), which may also be transferred from one blood cell type to
another via specific receptor-mediated interactions.

Factor VII

Plasma FVII binds to TF, for example after vessel trauma or
plaque rupture, to form a complex that initiates coagulation by
directly activating FX and to a lesser extent FIX. The FVII gene
(F7) lies adjacent to the factor X gene (F10), suggesting gene
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Figure 36.7 Role of von Willebrand factor (VWF) in haemostasis.
(a) VWF domain structure with important binding sites. Dimers
are formed when individual monomers become joined through
disulfide bonds at the C-terminus. Multiple dimers are then joined
at the N-terminus to form high-molecular-weight multimers that
take on a globular shape. When exposed to flowing blood under
high shear stress the multimers become filamentous, exposing
their binding sites. (b) In normal vasculature the
ultra-high-molecular-weight VWF multimers required for full

VWF function are found only in the subendothelium. The
circulation contains lower-molecular-weight multimers. After
disruption of the endothelium (c), exposure of
high-molecular-weight multimers to flowing blood applies shear
stress, causing the multimers to unravel and capture activated
platelets. The coagulation cascade forms on the surface of these
platelets. Thus VWF acts to localize the process of clot formation
to the site of vascular damage. EC, endothelial cell; IEL, internal
elastic lamina; SMC, smooth-muscle cell.
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Figure 36.8 Modular organization of haemostasis proteins. The evolutionary relationship of many factors is suggested by their modular
organization.

duplication during evolution, and close to that of protein Z (PZ)
at 13q34. In commonwith the other serine proteases of the coag-
ulation network (FIX, FX, prothrombin, PC), as well as PS and
PZ, FVII has an N-terminal domain that contains a number (9–
12) of glutamic acid residues that are post-translationally mod-
ified by the addition of a carboxyl group to the γ-carbon by a

vitamin-K-dependent carboxylase. This γ-carboxyglutamic acid
(GLA) domain confers affinity to negatively charged phospho-
lipidmembranes, such as those of activated platelets or endothe-
lial cells, promoting the assembly of functional multiprotein
complexes on these surfaces. Proteins containing GLA modules
are commonly referred to as ‘vitamin K-dependent factors’ as
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this vitamin is a cofactor in the carboxylation reaction. Block-
ing this post-translational modification with coumarin deriva-
tives such as warfarin is one of the main treatments for the
long-term prevention of thromboembolic events. FVII in com-
mon with other GLA-domain-containing proteins has a pri-
mary translation product that contains a propeptide sequence
that directs the γ-carboxylation at 10 Glu residues within the
GLA domain. The GLA domain is followed by two epidermal
growth factor (EGF)-like domains, the connecting or activation
peptide, and the serine protease domain. FVII is activated by
cleavage between residues Arg152 and Ile153, yielding a two-
chain disulfide-linked FVIIa molecule; however, this has little
catalytic activity until it is bound to TF. The half-life of FVII
zymogen in plasma is 3 hours and, remarkably, the half-life of the
FVIIa enzyme is 2.5 hours, probably because there is no plasma
inhibitor capable of effectively neutralizing free FVIIa. Recom-
binant FVIIa is in clinical use as a treatment for haemophiliacs
with inhibitors and, for a wider range of bleeding problems and
general surgical intervention.

Factor X

The gene and protein structures of FX closely resemble those
of FVII. Unlike FVII, zymogen FX circulates as a two-chain
disulfide-linked heterodimer due to excision of a tribasic pep-
tide (Arg-Lys-Arg) at residues 139–141 during synthesis. The
light chain of FX therefore consists of the GLA domain with 11
γ-carboxyglutamic acid residues, the amphipathic helix and two
EGF-like domains. The half-life of FX in plasma is 36 hours. FX
is activated by either FIXa–FVIIIa or TF–FVIIa on phospholipid
surfaces in the presence of Ca2+ ions. FXa forms a phospholipid-
bound complex with FVa, which efficiently activates prothrom-
bin (prothrombinase complex).

Factor IX

The FIX gene (F9) is located at Xq26, about 15.2 Mb from the
FVIII gene (F8); thus deficiencies of both factors are X-linked
disorders. Deficiency of FIX results in clinical haemophilia B, as
the main function of FIX is to participate in the tenase complex
(FIXa–FVIIIa). The FIX promoter has been extensively studied
and includes sites for liver-specific transcription factors and an
androgen-responsive promoter element, which accounts for the
haemophilia B Leiden phenotype (FIX deficiency, which cor-
rects spontaneously at puberty). The plasma half-life of FIX is
18 hours.
The mature protein is a single-chain molecule consisting

of 415 amino acids and the GLA domain contains 12 γ-
carboxyglutamic acid residues. Either TF–FVIIa or FXIa cleaves
FIX within the connecting peptide (between residues 145–146
and 180–181). Unlike FVII and FX, FIX requires two proteolytic
cleavages, releasing an activation peptide, in order to achieve full
activation.

Factor XI

FXI is a zymogen of a serine protease that has fourApple (PAN1–
4) domains and a serine protease domain in eachmonomer. The
protein circulates as a homodimer, with the two monomer sub-
units linked via a series of interactions between the two Apple 4
domains that includes a disulfide bridge. Activation of FXI is by a
single cleavage performed by thrombin. It is clear that dimeriza-
tion is required for full function of this factor, presumably due to
obstruction of essential binding sites in themonomer form. FXIa
then activates FIX directly in free solution. FXI activation by the
contact protein FXIIa was originally thought to be a relevant step
in intrinsic or contact-activated coagulation (see Figure 36.2),
but it is now considered that the feedback activation of FXI by
trace thrombin provides a physiologically relevant route for gen-
eration of increased amounts of FIXa to assemble tenase during
the amplification of the initial TF stimulus (see Figure 36.3).
There is increasing evidence that FXI has other roles in

haemostasis, such as regulation of fibrinolysis by the thrombin-
activatable fibrinolysis inhibitor (TAFI). The fact that bleeding
symptoms in FXI deficiency correlate poorly with FXI procoag-
ulant level suggest that these other functions may be important
in determining the phenotype in this mild bleeding disorder.

Factor XIII

FXIII circulates as a tetramer of two A-chains and two B-chains.
The B-chains function as carriers for the A-chains which, after
activation by thrombin, function as a transglutaminase to cross-
link fibrin and other proteins in the clot, resulting in a stable
structure. FXIIIa contains a free sulfydryl group at the active site.
Platelets also contain FXIIIA-chain dimers, which are fully func-
tional after thrombin activation.

Factor VIII

The FVIII gene (F8) spans 187 kb of the X chromosome (Xq28)
and encodes a protein of 2351 amino acids. After removal
of the 19 amino acid signal sequence, a single chain of 2332
amino acids is transiently formed, but is subsequently pro-
cessed by a single proteolytic cleavage prior to release as a
two-chain molecule. Because of internal homology, the FVIII
domain structure can be represented as A1–A2–B–A3–C1–C2.
The B domain is not necessary for procoagulant function, as B-
domain-deleted FVIII has full activity. The B-domain sequences
of FV and FVIII share little sequence identity, although their
lengths are similar and both are heavily glycosylated. It is likely
that the glycosylated B domain functions in promoting endo-
plasmic reticulum/Golgi transport since deficiency of LMAN1
(also known as ERGIC 53), a mannose-binding protein, results
in combined deficiency of FV and FVIII. FVIII also has three
short acidic interdomain peptides (a1, a2 and a3) that are closely
implicated in FVIII function.
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FVIII is the essential cofactor for activation of FX by FIXa in
the tenase complex. It has no function until proteolysed to FVI-
IIa by thrombin or FXa at Arg372-Ser373 andArg1689-Ser1690.
FVIIIa is directly inactivated by APC cleavage at Arg336-Ser337
and Arg562-Ser563; however, functional activity of FVIIIa also
decays rapidly by dissociation of the A2 subunit from FVIIIa.
The crystal structure of FVIIIa has recently been solved by two
groups.

Factor V

The mature protein product is 2196 amino acids in length after
cleavage of a 28 amino acid signal peptide. The structure of
FV, like that of FVIII, can be represented as A1–A2–B–A3–
C1–C2. In contrast with FVIII the B domain is required for
full procoagulant function. FV also differs from FVIII in that it
lacks the three short acidic interdomain peptides (a1, a2 and a3)
implicated in FVIII function.
FV is the cofactor for the activation of prothrombin by FXa. It

has no cofactor activity until proteolysed by thrombin or FXa at
Arg709-Ser710, Arg1018-Thr1019 and Arg1545-Ser1547. FVa
is inactivated by APC through cleavages at Arg506-Ser507 and
Arg1765-Leu1766. The initial (and rate-limiting) cleavage is at
Arg506. This is the site of the mutation in FV Leiden (FV
Arg506Gln) that is resistant to APC, leading to the most com-
mon form of familial thrombophilia.

Fibrinogen

The fibrinogen gene cluster is located on chromosome 4q32 in
the order β–α–γ, with β transcribed in the opposite direction to
α and γ. The three chains of fibrinogen are disulfide cross-linked
and folded together in an intricatemanner. The overall structure
of fibrinogen is a symmetrical dimer, α2β2γ2. Viewed by electron
microscopy, the molecule is trinodular, with the outer two glob-
ular domains (fragmentsD) containing theC-termini of all three
chains connected to the central globular domain (fragment E),
which contains the N-termini of all six chains tethered together
by disulfide bonds. Coiled regions, forming α-helical ropes, con-
nect the lateral and central globular domains.
Polymerization of fibrinogen occurs when thrombin cleaves

two short, negatively charged fibrinopeptides A and B from
the N-termini of the α- and β-chains, respectively. This reveals
new N-terminal sequences in the fragment E region (called
knobs) that fit into holes in the fragment D regions. Polymer-
ization then occurs spontaneously in a staggered half-overlap
array, which can elongate indefinitely in either direction. Elec-
tron microscopy studies were and still are important in resolv-
ing the molecular architecture of fibrillar fibrin formation, but
from 1997 elegant crystal structures of parts of the fibrin(ogen)
molecule were successfully produced in a number of laborato-
ries. These structures reveal the elegant mechanisms of fibrin
polymerization.

Prothrombin

The mRNA encodes a preproleader sequence similar to that
found in other vitamin-K-dependent proteins, followed by a
GLA domain, two kringle domains, an activation peptide and
a serine protease domain. FXa complexed with FVa activates
prothrombin zymogen to thrombin on a phospholipid surface
(prothrombinase) on cleavage of two peptide bonds. The first,
between Arg271 and Thr272, releases the protease domain from
the GLA and kringle domains; the second, between Arg320
and Ile321, generates the catalytic site of thrombin by a typical
trypsin-like conformational rearrangement. Cleavage at Arg320
yields the protease (meizothrombin) that retains membrane-
binding properties. Cleavage at Arg271 yields thrombin and sev-
ers covalent linkage with the N-terminal domain known as frag-
ment 1.2. Fully cleaved thrombin is termed α-thrombin, and
is rapidly released from its site of production to participate in
numerous haemostatic functions free in solution: acting as a
procoagulant against many substrates including fibrinogen, FV,
FVIII and FXI; acting in complex with TM as an anticoagu-
lant against PC; and acting to activate cellular transmembrane
protease-activated receptors. Thrombin also activates thrombin-
activatable fibrinolytic inhibitor (TAFI), in complex with TM,
inhibiting fibrinolysis.

Naturally occurring inhibitors of blood
coagulation

In common with other defence mechanisms, such as those
resulting in kinin release and complement activation, the blood
coagulation process can be activated very rapidly when the need
arises. This involves the generation of proteolytic enzymes, such
as thrombin, that are potentially lethal if their action is not lim-
ited. For example, 10 mL of plasma can generate, in theory, suf-
ficient thrombin to clot all of the fibrinogen in the body in 30 s.
That it does not normally do so is due partly to the fact that the
procoagulant response is most pronounced in the vicinity of the
platelet plug forming at the point of vascular injury, while else-
where coagulation is inhibited by substances in plasma or on the
vascular surface that exhibit anticoagulant activity.

Classification of physiological anticoagulants

Physiological anticoagulants fall into two main groups: those
that inhibit the serine proteases of the coagulation cascade (both
Kunitz-type and serpins) and those involved in destruction of
the activated coagulation cofactors FVa and FVIIIa (components
of the PC system). These inhibitors assume great physiological
significance: relatively minor deficiencies (50–70% of average
levels) of some of these inhibitors, such as might be found in
individuals heterozygous for a genetic defect, are associated with
an increased incidence of thrombosis. Homozygous deficiencies
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are frequently either fatal in the first few years of life unless pro-
phylactic replacement therapy is instituted, or are not found in
nature, suggesting early fetal loss.
In addition to the specific inhibitors, there are some other

inhibitory mechanisms that do not fit into either of the above
categories, one of these being the detoxifying property of the
liver, which plays an important role in removal of activated clot-
ting factors, both directly and after their combination with natu-
ral inhibitors. Furthermore, the removal of free thrombin occurs
as a result of its adsorption onto fibrin or onto fibrin(ogen)
degradation products. The latter, which cannot themselves take
part in a clot, may interfere with normal fibrin polymerization.
Although less well defined than the others, this group appears
to be physiologically important, as qualitative defects of fib-
rinogen (dysfibrinogenaemias) that result in reduced throm-
bin binding may be associated with a thrombotic disorder
(see Chapter 44).

Tissue factor pathway inhibitor: a Kunitz-type
inhibitor

The various serpins found in blood (see below) probably play
no physiological role in the inhibition of FVIIa in the initiating
TF–FVIIa complex. Instead, the action of this serine protease–
cofactor complex is modulated by TFPI, which is located on
the endothelial cell surface, within platelets, in plasma and on
monocytes. Two alternatively spliced isoforms of TFPI (α and
β) have been identified in humans that differ in their domain
structure and mechanism of cell-surface binding. TFPIα has an
acidic N-terminal region followed by three Kunitz-type protease
inhibitory domains (K1–K3) and a basic C-terminal region. K2
is responsible for binding and direct inhibition of FXa and K1
inhibits FVIIa in an FXa-dependent manner. K3 and the C-
terminal region do not directly inhibit proteolysis but they are
necessary for rapid inhibition of FXa by K2. Recent data intrigu-
ingly suggest that this may be mediated through an interac-
tion with PS acting as a cofactor in the formation of the TFPI–
FXa complex. TFPIα indirectly associates with the endothelial
cell surface through a non-covalent association with a glyco-
sylphosphatidylinositol (GPI)-anchored coreceptor. It can also
bind non-specifically to endothelial cell GAGs via the basic C-
terminal region; it is thought that this interaction is responsible
for the twofold to fourfold increase in plasma TFPI following
infusion of heparin. TFPIβ has the N-terminal acidic region fol-
lowed by K1 and K2, but lacks K3 and the C-terminal region of
TFPIα. Instead it has a different C-terminal region encoding a
GPI-anchor attachment sequence that allows it to directly asso-
ciate with the cell surface.
Most TFPI in the vasculature (∼85%) is associated with

endothelial cells, particularly in the microcirculation, with a
smaller amount (5–10%) being found in platelets and the rest
in plasma. Virtually all circulating TFPI is associated with
lipoproteins and has undergone variable amounts of prote-

olytic degradation within its C-terminal region. As a result
plasma TFPI has reduced anticoagulant activity and is unlikely
to play an important role as an in vivo inhibitor of blood
coagulation.
Disruption of the murine TFPI gene is incompatible with

normal development, suggesting that a deficiency of functional
TFPI might lead to clinical thrombosis. However, as the bulk of
intravascular TFPI is associated with the endothelial cell sur-
face, simple measurement of plasma TFPI levels is not a clear
indicator of a deficiency state. Moderately low plasma levels can
occur in DIC, septicaemia and following major surgery, possi-
bly due to increased utilization, but heparin infusion increases
plasma TFPI in such patients. Whether congenital deficiency of
TFPI is a risk factor for thrombosis remains uncertain: after sev-
eral negative studies in this area, recently a case–control study
found a relationship between low levels of free plasma TFPI
(non-lipoprotein bound) and enhanced risk of deep vein throm-
bosis and myocardial infarction.

Serine protease inhibitors (serpins) and
heparin

Human plasma contains at least seven inhibitors of serine pro-
tease coagulation factors. Apart from α2-macroglobulin, all are
single-chain serpins of molecular mass 40–65 kDa. Specificity is
imparted by their tertiary structure, which engenders high affin-
ity for a defined substrate or small range of substrates. Of this
group, only AT and heparin cofactor II (HCII) assume haemo-
static significance, acting predominantly on proteases generated
late in the coagulation cascade (i.e. thrombin and FXa). A defi-
ciency of any of the other serpins (although sometimes giving
rise to a clinical disorder due to the failure of neutralization of a
serine protease not involved in coagulation pathways) is asymp-
tomatic in terms of haemostasis.
Several serpins contain GAG-binding sites that, particularly

in the case of AT and HCII, but to a lesser extent for PAI-
1 and APC inhibitor, greatly enhance the rate of interaction
with (although not the affinity for) their specific protease(s).
Since a major source of heparin-like material is heparan sul-
fate on the endothelial cell surface, another possible function of
the heparin-binding site of these inhibitors (especially AT and
HCII) might be to allow them to exert a general and constitu-
tive anticoagulant effect on intact vessels; this may also act to
prevent extension of a procoagulant response beyond an area of
damaged endothelium.

Antithrombin
AT (formerly ATIII) is a 58-kDa serpin that is synthesized prin-
cipally in the liver, with a high plasma concentration of 2.4
μmol/L. The turnover of AT in vivo is complex, with a rapid
initial clearance (t1∕2 10 min) due to equilibration with endothe-
lial cell-bound AT, a slower clearance (t1∕2 3 hours) due to
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equilibration with the extravascular compartment, and a much
slower linear phase with an overall t1∕2 of 90 hours.
Disruption of the murine AT gene results in death of all

embryos shortly before birth due to severe cardiac and hepatic
thrombosis. In humans, AT deficiency is associatedwith familial
thrombosis.
AT forms a stable complex with several serine protease coag-

ulation factors, predominantly thrombin and FXa, but also
to some extent FIXa, FXIa, FXIIIa and kallikrein. Initially,
the serine at the active centre of the protease cleaves a pep-
tide bond (involving Arg393) in the ‘reactive centre loop’ near
the C-terminus of AT: a conformational change in the serpin
ensues, resulting in irreversible trapping of the protease against
the inhibitor. The inactivated enzyme–serpin complex is then
cleared rapidly. Complex formation is progressive and only with
thrombin and FXa is it rapid enough to be of physiological sig-
nificance. In purified in vitro systems, the t1∕2 is around 30 s
for free thrombin, 90 s for FXa and 10–25 min for the other
enzymes. In each case, the inhibitor–protease complex is rapidly
cleared (t1∕2 3 min) from the circulation by the liver.
Heparin, without altering the stoichiometry, induces a more

than 2000-fold increase in the rate of thrombin inactivation
by AT, such that its action becomes almost instantaneous
(t1∕2 < 0.01 s). The unique mechanism of this activation involves
release of the reactive centre loop from partial insertion in
the β-sheet core of AT following heparin binding. Heparin
also strongly enhances AT neutralization of FXa and, to a lesser
extent, FIXa, particularly in the presence of Ca2+.
The enhancement of AT inhibition of thrombin and FXa by
heparin is the basis of its use as a therapeutic anticoagulant to
prevent thromboembolism. At therapeutic concentrations there
is no significant effect on AT inhibition of FXIa and FIXa.

Heparin cofactor II
This 65-kDa serpin is present in plasma at the high concentra-
tion of 90 mg/L (1.2 μmol/L). It appears to be a specific inhibitor
of thrombin and to have little or no anti-FXa activity. The rate
of thrombin neutralization by HCII is increased approximately
1000-fold by heparin, although because of its lower heparin
affinity it requires five to ten times more heparin than does AT.
Interaction seems to depend largely on the high anionic charge
of heparin and related GAGs. Details of the molecular mecha-
nism of HCII interaction with thrombin have been elucidated
by X-ray crystallography.
That HCII has some physiological significance is suggested

by the fact that it falls in parallel with AT in DIC. However, as
AT is in twofold molar excess over HCII, the latter cannot alto-
gether compensate for a deficiency of AT, which, as stated above,
is a well-established cause of a thrombotic tendency. Whether
HCII deficiency leads to a similar clinical picture remains to be
established, as few cases have yet been described and only occa-
sionally has concomitant thrombotic disease been present. Mice

with HCII knockout develop normally and do not show sponta-
neous thrombosis; however, they show an enhanced propensity
to carotid occlusion after deliberate injury to the endothelium,
corrected by infusion of purified HCII, suggesting that HCII has
a role in prevention of arterial thrombosis.

Heparin and heparin-like substances in plasma
Although the term ‘heparin’ implies a single compound, it in
fact refers to a heterogeneous mixture of sulfated polysaccha-
rides that are all members of the GAG group. The major phar-
maceutical source is porcine intestinal mucosa. By virtue of its
strong positive charge, heparin combines non-specifically with
a number of cationic proteins such as albumin and reacts in a
highly specific way with β-lipoproteins, fibrinogen, HCII and
AT. It also mobilizes platelet factor (PF)4 and TFPI, which are
bound to GAGs on the surface of endothelial cells, and releases
lipoprotein lipase into plasma.
Unfractionated heparin (UFH) is an extremely heterogeneous

polymer, being composed of between 10 and 100 saccharide
units. Only about one-quarter of the polysaccharides has any
anticoagulant activity in vitro. The pharmaceutical properties
of heparin are unpredictable, because of its heterogeneity, with
marked variation in pharmacokinetics and side-effects, themost
serious of which is heparin-induced thrombocytopenia (see
Chapter 45). The realization that the anticoagulant action of
UFH was mostly delivered by short pentasaccharides has led
to the use of more efficient fractionation procedures (including
cleavage by nitrous acid, heparinase and oxidizing agents), yield-
ing a number of low-molecular-weight heparin (LMWH) prepa-
rations. LMWHs contain 10–20 saccharide units (4–6 kDa) and
because of their more uniform composition have much better
pharmacokinetics and fewer side-effects. A synthetic pentasac-
charide has come into therapeutic use and offers increased half-
life compared with larger LMWHs.
UFH and the various LMWHs differ in their affinities for

the plasma factors with which they interact and in the specific
serine proteases that they inhibit. This, together with the tim-
ing of blood samples in relation to dosage interval, is critically
important in laboratorymonitoring of the therapeutic effect (see
Chapter 46). The major anticoagulant activity of both UFH and
LMWHis attributed to the pentasaccharide sequence containing
at its centre a 2,3,6-(SO3) trisulfated glucosamine group. It is this
that binds to lysine or tryptophan residues in AT in the region of
theDhelix, inducing the conformational change in the inhibitor.
A second anticoagulant action of UFH (at least 18 saccharide
units are required) involves direct binding between thrombin
(but not FXa or other proteases) and a heparin sequence adja-
cent to the pentasaccharide. This brings thrombin and AT into
close proximity and is necessary for the antithrombin activ-
ity. As many chains in a LMWH have fewer than 18 sac-
charide units, they have less antithrombin action compared
with their inhibition of FXa. There is no detectable heparin in
normal plasma. However, endogenous heparin-like molecules
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(e.g. dermatan sulfate and heparan sulfate) are present on the
surface of endothelial cells and, by enhancing the action of AT
andHCII, thesewould have antithrombotic effects. Suchmecha-
nisms seem to be of clinical importance, as recurrent thromboses
have been reported in association with several dysfunctional AT
molecules that inhibit thrombin normally in the absence of hep-
arin, but which do not show enhanced reactivity in its presence,
presumably due to defects at the heparin-binding sites. At points
of vascular injury, local accumulation of activated platelets pro-
vides a source of heparin-neutralizing activity that could over-
come the anticoagulant effects of endothelial cell-bound hepari-
noids and permit the procoagulant response to proceed.

Protein Z and protein-Z-dependent inhibitor
PZ is a 62-kDa vitamin K-dependent plasma protein that serves
as a cofactor for the inhibition of FXa by PZ-dependent protease
inhibitor (ZPI) a 72-kDa member of the serpin superfamily.
The organization of the PZ gene and the structure of the

molecule are very similar to those of coagulation factors FVII,
FIX, FX and PC; however, the PZ ‘serine protease’ domain lacks
the canonical active-site His and Ser residues and therefore can-
not function as a protease. PZ circulates in plasma in a complex
with ZPI. Inhibition of FXa by ZPI in the presence of phospho-
lipid and Ca2+ ions is enhanced 1000-fold by PZ, but ZPI also
inhibits FXIa in a process that does not require PZ, phospholipid
or Ca2+. ZPI activity is consumed during coagulation through
proteolysis mediated by FXa (with PZ) and FXIa. PZ may serve
to dampen the procoagulant response in vivo as PZ deficiency
dramatically increases the severity of the prothrombotic pheno-
type of FV Leiden mice. Studies to determine the potential roles
of PZ and ZPI deficiency in human thrombosis are in progress.

𝛂1-Antitrypsin
This is a serpin whose primary targets are pancreatic and leu-
cocyte elastases. In coagulation, the major inhibitory activity is
directed against FXIa and FXa, although the chief physiological
inhibitor of FXIa is probably protease nexin 2. It has little effect
on overall thrombin inhibition and a straightforward deficiency
of α1-antitrypsin is not associated with hypercoagulability.
An abnormalmolecular form of α1-antitrypsin in which there

is a Met→Ser substitution at the active centre (antitrypsin Pitts-
burgh) has been described, resulting in a higher affinity for
thrombin. At a plasma concentration of 25 μmol/L, the variant
circulates at a 10-fold higher level than AT and gives rise to a
clinical bleeding tendency. However, it is unaffected by heparin.

Protease nexin 2
This is aKunitz-type serine protease inhibitor that is found in the
α-granules of platelets. Normally, there is very little in plasma,
but it is released at sites of platelet activation, following which
the single Kunitz domain enters into a tightly bound inhibitory
complex with FXIa. It is one of several isoforms of Alzheimer

β-amyloid protein precursor present in platelets. Deficiency of
protease nexin 2 has not been described.

C1-esterase inhibitor
The primary target of this serpin is the activated form of the first
component of complement, but it also contributes in a minor
way to the neutralization of FXIa and plasmin. Deficiency of
C1-esterase inhibitor, although of no haemostatic consequence,
causes angioneurotic oedema, the characteristic lesions of which
may sometimes be confused with haematomas.

𝛂2-Antiplasmin
This serpin is the principal inhibitor of the fibrinolytic enzyme
plasmin. It also hasweak activity against several coagulation pro-
teases, especially the contact factors. However, any anticoagulant
action against proteases late in the coagulation cascade (e.g. FXa)
is only apparent at concentrations well in excess of those in nor-
mal plasma. Its mechanism of action and clinical importance are
discussed further in the section on fibrinolysis.

𝛂2-Macroglobulin
α2-Macroglobulin is composed of four identical chains and has
a molecular mass of 740 kDa. It is not a member of the ser-
pin superfamily and its effects are not restricted to serine pro-
teases. It binds to coagulation factors at a site away from the
active site, the interaction involving the formation of a bond
between cysteine and glutamate residues in the inhibitor and a
lysine residue in the protease. Inhibition is produced by stearic
hindrance rather than by active site inactivation and indeed the
proteases retain some esterolytic and amidolytic activity, par-
ticularly against small peptides, a fact that should be borne in
mind when using chromogenic substrates to assay coagulation
inhibitors. It is responsible for approximately 50%, 20% and 10%
of the inhibition of kallikrein, thrombin and FXa, respectively.
Deficiency of α2-macroglobulin is not associated with a

thrombotic tendency. However, it is an acute-phase reactant and
it is possible that, when elevated under conditions of stress or
when the other major antithrombins or antiplasmins are over-
whelmed, it might become a significant inhibitor of coagulation
or fibrinolysis. Moreover, it has been suggested that the raised
level of α2-macroglobulin that exists in children (150–200% of
adult values) may compensate for a low level of AT, and explain
why thrombotic episodes do not usually occur before puberty in
congenitally AT-deficient patients.

The protein C pathway: inhibition of
cofactors FVa and FVIIIa

The activated forms of coagulation cofactors FV and FVIII (FVa
and FVIIIa) are potent procoagulants that enormously enhance
the activity of serine protease factors in the tenase and pro-
thrombinase complexes (see above). It is not unexpected that
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these cofactors should be subject to a negative feedback mecha-
nism that limits their procoagulant activity. This is achieved by a
complex series of reactions collectively referred to as the protein
C pathway. Four key factors are now known to be involved, and
their role in the haemostatic network is shown in Figure 36.4.

Protein C
This vitamin-K-dependent serine protease has an identical
modular composition to the procoagulant factors FVII, FIX
and FX. It circulates in blood as a two-chain disulfide-
linked molecule. During biosynthesis, the primary translation
product is proteolytically processed, releasing the dipeptide
Lys156Arg157. In order to exert its anticoagulant effect, PC
must first be activated to APC. This is achieved by the action of
thrombin, which cleaves the heavy chain to release a 12-residue
(Gly158–Arg169) activation peptide, revealing the active site by
the usual chymotrypsin-like mechanism. Thrombin activation
of PC is slow in free solution, but is markedly accelerated by spe-
cific endothelial cell receptors for both thrombin (TM) and PC
(EPCR), which coordinate the assembly of amembrane complex
for PC activation.
APC interacts with PS bound to the phospholipid surface

of activated platelets, enhancing the anticoagulant activity of
APC (see below) against FVa and FVIIIa. These procoagulant
cofactors are inactivated by APC on the platelet surface by spe-
cific cleavage in their A domains, terminating the activity of the
tenase and prothrombinase complex by disrupting their bind-
ing sites for FIXa and FXa respectively. In the absence of PS,
this reaction is inefficient. The most common form of familial
thrombosis is FV Leiden, which is caused bymutation of Arg506
to Gln, which makes the molecule resistant to cleavage by APC.
It appears that APC inactivation of FVa is a prerequisite for effi-
cient inactivation of FVIIIa in vivo, as FVIIIa inactivation is
also impaired in these patients, although there is no abnormality
in the FVIII molecule. Since the discovery of FV Leiden, other
less common FV mutants have been found with a similar phe-
notype. None of the mutations reported in the FVIII molecule
have been shown to cause a similar prothrombotic phenotype.
PC is synthesized in the liver, and, being vitamin-K-dependent,
is often low in the newborn. Even though its substrates (FV and
FVIII) are normal at birth, this deficiency is compensated for
by the reduction in plasma of the vitamin K-dependent pro-
coagulant factors (prothrombin, FVII, FIX and FX). Because
warfarin treatment initially decreases PC levels faster than FVII,
FIX, FX and prothrombin levels, it can paradoxically increase
the procoagulant tendency when anticoagulant treatment is first
begun (many patients starting on warfarin are given heparin
in parallel to combat this). Disruption of the murine PC gene
results in lethal perinatal consumptive coagulopathy, whereas in
humans homozygous PCdeficiency is associatedwith lethal pur-
pura fulminans (in the absence of PC replacement therapy) and
heterozygous individuals have a high risk of venous thrombo-
sis. There is increasing appreciation of the role of the PC path-

way in regulation of inflammation and the concept of signalling
mechanisms allowing ‘cross-talk’ between the haemostatic and
inflammatory networks. This is well demonstrated by the pro-
tective effect of administration of APC concentrate to animals
with induced sepsis. However the concentrate has not proved
to be quite so efficacious in human studies. Recently, variant
recombinant PC molecules have been produced that appear to
have either anticoagulant or anti-inflammatory effects indepen-
dent of each other.

Thrombomodulin
TM is an integral transmembrane receptor found on endothe-
lial cells in virtually all body tissues. It appears to be absent in
the brain vasculature and in hepatic sinusoids and lymph node
venules. TM is essential for normal fetal development as shown
bymouse knockout studies, although TM+/− heterozygous mice
appear to be completely healthy.
The protein has an extracellular region composed of an N-

terminal lectin-like or CLECT domain, six EGF-like domains,
a transmembrane sequence and a small cytoplasmic region.
TM forms a complex with thrombin (via the protease’s anion-
binding exosite I and TM’s EGF-like domains 4–6), preventing
binding of the protease to its various procoagulant substrates
(fibrinogen, FV, FVIII, FXIII and protease-activated receptors
involved in platelet aggregation). TM also plays a part in bind-
ing of PC zymogen and, after formation of the TM–thrombin
complex on the cell surface, there is a 20,000-fold increase in the
rate of activation of PC, so that thrombin effectively becomes an
anticoagulant. Binding of PC to TM is also enhanced by EPCR.
The TM–thrombin complex is short-lived, being endocy-

tosed by endothelial cells, where the thrombin is taken up and
degraded by lysosomes while TM re-circulates to the cell mem-
brane.

Endothelial protein C receptor
EPCR is a transmembrane receptor on endothelial cells that
binds PC and promotes its activation by the thrombin–TMcom-
plex. The extracellular portion of EPCR is related to the MHC
class I/CD1 proteins; however, it lacks the α3 domain found in
the extracellular portion of most of the family: there is good evi-
dence that the α1 and α2 extracellular domains of EPCR interact
with the GLA domain of PC. EPCR may function by localizing
the PC molecule to the endothelial cell surface, moving later-
ally on the cell surface to locate a thrombin–TM complex, then
presenting the PC molecule optimally for thrombin cleavage to
form APC.
The essential role of EPCRwas demonstrated by targeted dele-

tion of the murine EPCR gene, resulting in early fetal death,
with evidence of thrombosis at the maternal–fetal interface.
Abrogation of EPCR function in vitro reduces the rate of PC
activation by thrombin–TM. In contrast, inhibition of EPCR
action by a specific anti-EPCRmonoclonal antibody in baboons
given thrombin resulted in reduced APC levels amid evidence
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of excessive coagulopathy. Blockade of EPCR on challenge with
Escherichia coli also led to worse outcomes in an animal model
of sepsis, whereas administration of APC improved survival in
experimental sepsis.

Protein S
PS is a single-chain vitamin-K-dependent glycoprotein chiefly
synthesized in the liver by endothelial cells. Unlike the other
vitamin-K-dependent coagulation proteins, it is not a serine pro-
tease, having twoC-terminal LamGdomains rather than a serine
protease domain, and the N-terminal GLA domain is followed
by four EGF-like domains rather than the two usually seen in the
serine proteases (see Figure 36.8). About 40%of the PS in plasma
is in the free form, whereas the remaining 60% is associated in a
complex with C4b-binding protein (C4bBP). Both forms bind
strongly via the PS GLA domain to negatively charged phos-
pholipids exposed on the surface of activated platelets. Free PS
(although having no strong inhibitory effect on FVa or FVIIIa
itself) forms a Ca2+-dependent complex with APC, helping to
orient the APC active site above the phospholipid surface and
enhancing its anticoagulant activity against both proteins. How-
ever, C4bBP-bound PS does not enhance PC function against
FVa. Free thrombin cleaves PS between the GLA domain and
EGF1, removing its ability to bind to both phospholipid and PC
and thereby abolishing its PC cofactor activity.

Protein C inhibitors
As with other serine proteases, APC is subject to inhibition by
serpins (half-life of APC in plasma is 15–20 min), including
APC inhibitor (PCI), PAI-1 andα1-antitrypsin. The relative con-
tributions of these in vivo are difficult to assess. PCI slowly but
progressively blocks the action of APC (and, to a much lesser
extent, thrombin and FXa), in each case forming a 1:1 complex;
in addition, PCI action is enhanced 20-fold by heparin andmore
weakly by other GAGs, but the physiological significance of this
is uncertain. Despite the name, disruption of the murine PCI
gene leads not to coagulopathy, but to infertility due to lack of
inhibition of another protease target of the serpin, the sperm
protein acrosin.

Fibrinolysis

It is widely acknowledged that the principal functions of the
fibrinolytic system are to ensure that excess fibrin deposi-
tion is either prevented or rapidly removed (i.e. that a local-
ized procoagulant response is achieved without compromising
blood circulation generally) and, following re-establishment of
haemostasis, the fibrin mesh is removed during wound healing.
The systemof profibrinolytic and antifibrinolytic factors that has
evolved to meet these requirements is closely coupled to that
which results in fibrin clot formation. Fibrinolysis is essentially a

localized, surface-bound phenomenon, with most events being
catalysed by the presence of cross-linked fibrin itself, i.e. ‘fibrin
orchestrates its own destruction’. For this reason, the assays of
fibrinolytic factors carried out in the soluble phase, in particular
in systemic blood, may be misleading and should be interpreted
with great caution.

Components of the fibrinolytic system

These include plasminogen (PLG) and plasmin, several endoge-
nous (tissue or plasma derived) or exogenous (e.g. bacterial or
venom derived) PLG activators, and a number of inhibitors of
plasmin or of the PLG activators. Both endogenous and exoge-
nous fibrinolytic factors have been used clinically to treat venous
and arterial thrombosis, with varying degrees of success (see
Chapter 47).

Plasminogen and plasmin

PLG is a single-chain glycoprotein zymogen of the serine pro-
tease plasmin, which carries out the enzymatic degradation of
cross-linked fibrin. Besides its active site serine, plasmin con-
tains five kringle domains, four of which have a lysine-binding
site, through which the molecule interacts with lysine residues
in its substrates (e.g. fibrin), its activators (e.g. tissue PLG acti-
vator and urinary PLG activator) and its inhibitors (principally
PLG activation inhibitor type 1). In its native form, it has a glu-
tamic acid residue at its N-terminus and is known as Glu-PLG.
Conversion of PLG to plasmin can proceed via two routes. Most
PLG activators (see below) cleave the Arg561–Val562 bond to
form Glu-plasmin, a disulfide-linked two-chain molecule. The
heavy chain is derived from the N-terminal region and bears
the lysine-binding sites, whereas the C-terminal light chain con-
tains the serine active centre. Glu-plasmin, despite being a ser-
ine protease, is functionally ineffective, as its lysine-binding sites
remain masked. It is converted autocatalytically to Lys-plasmin
by N-terminal cleavage, chiefly between Lys76 and Lys77, which
exposes the lysine-binding sites and thus markedly enhances its
interaction with fibrin.
Both Glu- and Lys-plasmin also attack the same Lys76–Lys77

bond in Glu-PLG to form the zymogen Lys-PLG. This binds to
fibrin before activation to the protease and is thus brought into
close proximity with the physiological PLG activators (which
also bind to fibrin) that convert it to Lys-plasmin. As a conse-
quence, the conversion of PLG to plasmin by tPA is enhanced
by two to three orders of magnitude; this serves to localize the
fibrinolytic response to the fibrin clot, where plasmin is to some
extent protected from the effects of circulating antiplasmins,
which (as indicated below) would otherwise neutralize plasmin
extremely rapidly (<50 ms). The fact that Lys-PLG is poten-
tially a much more effective agent in fibrinolysis than Glu-PLG
is reflected in its half-life, which is around 20 hours compared
with 50 hours for the latter.
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Action of plasmin on fibrin and fibrinogen

Plasmin can hydrolyse a variety of substrates, including FV and
FVIII, but its major physiological targets are fibrin and fibrino-
gen, which are split progressively into a heterogeneous mix-
ture of small soluble peptides (plasmin attacks at least 50 cleav-
age sites in fibrinogen) known collectively as fibrin degradation
products (FDPs). The first stage in the proteolysis of fibrino-
gen involves the removal of several small peptides (fragments
A, B and C) from the C-terminus of the A α-chains, each involv-
ing cleavage after a lysine residue. This is rapidly followed by
removal of the first 42 amino acids from the N-terminal end of
the B β-chain (the Bβ1–42 fragment). The large residual por-
tion, which is known as fragment X, and which still contains
fibrinopeptide A, remains thrombin-clottable and will aggluti-
nate some species of staphylococcus spp. Assay of the Bβ1–42
fragment released from fibrinogen by plasmin gives a sensitive
index of fibrinogenolytic activity.
Asymmetrical digestion of all three pairs of chains of fib-

rin or fibrinogen then occurs with the release of the D frag-
ment, in which the chains remained linked by disulfide bonds.
The residue, known as fragment Y, is again attacked by plas-
min, cleaving a second fragment D and leaving the disulfide-
linked N-terminal ends of all six chains, which are referred
to as fragment E. Fragments Y, D and E are not thrombin-
clottable and do not agglutinate staphylococci. Their presence
can be detected immunologically using an antibody-coated latex
bead agglutination assay, which provides a simple test for most
FDPs, although carefully prepared serum must be used to pre-
vent cross-reactivity of the antibody with fibrinogen in plasma.
These assays detect the degradation products of both fibrin and
fibrinogen indiscriminately.
Following thrombin generation and consequent activation of

FXIII, intermolecular or intramolecular transamidation of the
α- or β-chains by FXIIIa occurs and then the action of plas-
min yields characteristic D-dimer, D-dimer–E fragments and
oligomers of fragments X and Y (collectively known as cross-
linked FDP or XDP), in addition to X, Y, D and E. These XDPs
can be detected very simply using monoclonal-antibody-coated
latex beads. Because the monoclonal antibodies to XDPs do not
cross-react with fibrinogen, they can be detected directly in cit-
rated plasma. The presence of D-dimers in blood samples can
be used in a clinical algorithm that predicts the likelihood of the
presence of venous thrombosis (see Chapter 47).
Furthermore, plasmin-induced cleavage of the N-terminal

end of the β-chain of fibrin (the Bβ1–14 fibrinopeptide B frag-
ment having been removed by thrombin) produces a β15–42
fragment, the detection of which indicates fibrin (as opposed
to fibrinogen) degradation. Consequently, assays for the Bβ1–
42 and β15–42 fragments used in combination may be clini-
cally useful by indicating whether fibrinogen or fibrin has been
degraded, and thus whether fibrinolytic activity is primary or
secondary to fibrin formation. However, clinically, FDP assays

are used to detect DIC, when mixed fibrin/fibrinogen degrada-
tion products appear in the circulation.

Plasminogen activators

Tissue plasminogen activator
tPA is a serine protease secreted by endothelial cells. It is not syn-
thesized by the liver or kidney, but is found inmost extravascular
body fluids, including saliva, milk, bile, cerebrospinal fluid and
urine. Intravascular tPA is quickly cleared by the liver or inac-
tivated by the fast-acting tPA inhibitor (see below), the half-life
of tPA in plasma being approximately 2 min. The resting level
of tPA in plasma is around 70 pmol/L, most of which is in an
inactive complex with tPA inhibitors (see below).
Several physical and biochemical stimuli, including venous

occlusion, strenuous exercise, thrombin, adrenaline and vaso-
pressin or its analogues such as desmopressin (see Chapter 38),
markedly increase the rate of tPA release, although its biolog-
ical activity remains negligible until it becomes bound to fib-
rin, whereupon its affinity for and action upon PLG is greatly
potentiated. The activity of tPA is further enhanced by plas-
min itself, which cleaves tPA at Arg275-Ile276 into a two-chain
molecule, whose binding sites are exposed, thus enabling it to
form a complex with PLG and fibrinogenmore readily. The abil-
ity of venous occlusion to stimulate tPA release from endothelial
cells forms the basis of a test of fibrinolytic activity known as the
‘cuff test’.
Both single-chain tPA and the two-chain form possess very

little serine protease activity until they bind to fibrin, where-
upon tPA affinity for, and activation of, fibrin-bound PLG is
increased at least 100-fold. The principal interactions involve
binding between the second kringle domain of tPA and lysine
residues on the α- and β-chains of fibrin (in particular Lys157 on
theα-chain of partly degraded fibrin). This association enhances
cleavage of the Arg561–Val562 bond in adjacent PLGmolecules,
forming active plasmin.

Urinary plasminogen activator
So called because it was first extracted from urine, uPA is syn-
thesized chiefly by the tubules and collecting ducts in the kid-
ney and by fibroblast-like cells in the gastrointestinal tract. It is
a serine protease secreted as an inactive single-chain zymogen
(prourokinase) that is cleaved by activators in plasma (including
kallikrein and plasmin) at Lys158–Ile159 to produce active two-
chain uPA. The protease activity of uPA is associated with the
heavy chain, which may dissociate from the light chain carrying
the PLG-binding site. The isolated heavy chains, which are also
known as low-molecular-weight urokinase, are therefore poorer
PLG activators than the two-chain form.
uPA cleaves the same Arg561–Val562 bond in PLG as tPA.

Although uPA contains a kringle domain, this does not impart
high affinity for fibrin and it binds instead (via its EGF-
like domain) to its cell-associated receptor. Thus it has been
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proposed that uPA may be preferentially involved in cellular
events (such as differentiation andmitogenesis) rather thanwith
dissolution of fibrin clots.

Exogenous plasminogen activators
These are derived from non-human sources, including animals
(e.g. vampire bat saliva and some snake venoms) and certain
plants and microorganisms. The best known of these is strepto-
kinase (SK), which is derived from some strains of β-haemolytic
streptococci andwhich has formany years been used, withmod-
erate success, as a fibrinolytic agent for the treatment of life-
threatening thrombotic states. SK is a non-enzymatic polypep-
tide that forms a stable complex with PLG, as a result of which
the latter undergoes a conformational change, unmasking its
serine-active centre. The ‘plasmin’ that is formed remains asso-
ciated with SK, but can convert free PLG to plasmin.

Inhibitors of fibrinolysis

The plasmin-generating potential of plasma is sufficient to com-
pletely degrade all the fibrinogen in the body in a very short
period of time. It is prevented from doing so by the PLG activa-
tor inhibitors or PAIs, most of which belong to the serpin family,
and by a number of circulating inhibitors of plasmin itself (the
antiplasmins).

Inhibitors of plasminogen activation
Plasminogen activator inhibitor type 1
PAI-1 is an important fast-acting serpin inhibitor of tPA, uPA
and, to a small extent, plasmin, and is secreted by endothelial
cells. It is also found in platelet α-granules. In plasma, it occurs
in two forms: a functionally active ‘free’ form (that is stabilized
by association with vitronectin) and as an inactive complex with
tPA. Basal PAI-1 concentration in plasma is low at 0.5 nmol/L,
of which at least 80% is in complex with tPA or uPA. It follows a
diurnal rhythm, with an earlymorning peak that is around twice
that in the late afternoon, and its activity is also increased by hep-
arin. Elevated levels of PAI-1 are associated with an increased
incidence of venous and arterial thrombosis, and there is a sug-
gested association between the earlymorning peak level of PAI-1
and a higher incidence of myocardial infarction at that time, the
extent of this diurnal variation being associated with polymor-
phisms in the PAI-1 gene (SERPINE1).
The threemain profibrinolytic serine proteases (tPA, uPA and

plasmin) all cleave the same bond (Arg346–Met347) in the reac-
tive centre loop of PAI-1, and are thus inhibited in the same way
as described in the section on AT. PAI-1 binds non-covalently to
fibrin, but although it can then complex with and inhibit fibrin-
bound tPA (with most of the complexes remaining bound to
the fibrin), it does so less effectively than with free tPA. Solu-
ble tPA–PAI-1 complexes are rapidly removed by the liver (t1∕2
4 min), as are uPA–PAI-1 complexes that have dissociated from
fibrin.

Plasminogen activator inhibitor type 2
This serpin inhibitor of tPA is mainly produced by the placenta
and may thus contribute to the inhibition of fibrinolysis that
occurs during pregnancy. It is also synthesized in monocytes
and epidermal cells, but is not usually found in the plasma of
non-pregnant subjects. It is detectable in plasma from about the
eighth week of pregnancy, rising to a peak at around 33 weeks
and falling only slowly after delivery, the half-life being around
24 hours. Paradoxically, levels are often low in pre-eclampsia
due to placental insufficiency. The inhibitory action of PAI-2
involves its Arg380–Thr381 residues and it is more effective
against uPA than tPA, although for both the potency is at least
10-fold less than that of PAI-1.
Similarly, other protease inhibitors such asα1-antitrypsin, C1-

esterase inhibitor, α2-antiplasmin (see below), α2-microglobulin
and protease nexin 1 (one of a group of cell membrane-bound
heparin-potentiated serpins) also neutralize tPA, but at a rate
that is probably too slow to be of physiological significance.
However, α2-microglobulin is thought to be the major inhibitor
of the SK–PLG complex.

Inhibitors of plasmin
As they do with thrombin and tPA, a number of the broad-
spectrum inhibitors contribute to neutralization of plasmin.
By far the most potent plasmin inhibitor is the serpin α2-
antiplasmin, a single-chain glycoprotein synthesized by the liver,
which has a half-life of about 60 hours and shows considerable
sequence identity with AT and α1-antitrypsin. Its physiological
importance is supported by the fact that a congenital deficiency
(known as Miyasato disease) is associated with a clinically sig-
nificant bleeding disorder due to uncontrolled fibrinolytic activ-
ity, and that levels are reduced in DIC and during thrombolytic
therapy.

𝛂2-Antiplasmin
This serpin is the predominant plasmin inhibitor. It forms a
stable complex with plasmin, in which the protease is com-
pletely inactivated. The reaction appears to involve the cleav-
age by plasmin of a specific Leu–Met bond in the inhibitor,
exposing the reactive loop Arg364–Met365 peptide bond to
the serine-active centre on the light chain of plasmin. Plasmin-
modified α2-antiplasmin can also bind to native Glu-PLG and
to fibrin, the latter reaction being mediated by FXIIIa-mediated
cross-linking. Thus, in addition to inactivating preformed plas-
min, α2-antiplasmin retards fibrinolysis by reducing PLG acti-
vation and by ‘masking’ the lysine-binding sites through which
plasmin(ogen) interacts with fibrin. However, these subsidiary
mechanisms for inhibiting fibrinolysis are to some extent over-
come by any Lys-plasmin(ogen) present, which has a higher
affinity than Glu-PLG for fibrin, and is thus less susceptible to
the action of α2-antiplasmin.
In plasma (as opposed to on fibrin strands), although the con-

centration of PLG (∼2 μmol/L) exceeds that of α2-antiplasmin
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(∼1 μmol/L), basal fibrinogenolytic activity is minimal because
the tiny amounts of plasmin normally generated under physio-
logical conditions are rapidly neutralized by the inhibitor. How-
ever, in certain pathological conditions (e.g. obstetric emer-
gencies or snake bite) where extreme activation of fibrinolysis
occurs, the latter may be swamped. Under these circumstances,
other inhibitors, in particular α2-microglobulin and histidine-
rich glycoprotein, may become clinically important. The action
of α2-microglobulin on plasmin is similar to its effect on throm-
bin. Following the plasmin-induced cleavage of a specific Arg–
Leu bond in the inhibitor, the latter forms a complex with the
light chain of plasmin. The serine active site of plasmin is not
involved and the complex retains weak biological activity, albeit
only briefly, until it is removed in the liver. Histidine-rich glyco-
protein inhibits fibrinolysis by blocking the lysine-binding sites
of PLG, thus preventing its interaction with fibrinogen.

Lipoprotein A
The protein portion of lipoprotein A is termed apo(a). It is syn-
thesized in the liver and circulates in plasma. There is consid-
erable structural homology with PLG, as it possesses both ser-
ine protease and kringle domains. It can compete with PLG for
binding sites on fibrin(ogen) or tPA, andmay also increase PAI-1
expression, both actions potentially inhibiting fibrinolysis. That
lipoprotein A has some clinical importance is indicated by the
finding that raised levels are associated with an increased inci-
dence of thrombosis.

Thrombin-activatable fibrinolysis inhibitor
In the presence of thrombomodulin, thrombin activates car-
boxypeptidase B, also called TAFI, and TAFIa in turn inhibits
fibrinolysis; this provides another link between coagulation
and the fibrinolytic pathway. TAFI removes the C-terminal
lysine residues formed by limited plasmin proteolysis of fibrin,
removing the binding sites for PLG and tPA. Thus the fibrin

cofactor function in PLG activation is reduced, downregulating
fibrinolysis. Mice with TAFI knockout have defective wound
repair, and data from backcrossing against heterozygous PLG-
deficient mice showed that TAFI modulates both fibrinolysis
and cell migration in vivo.
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Introduction

Platelets circulate in the bloodstream in a quiescent state, but
undergo rapid activation as and when necessary. To achieve this
balance, endothelial cells constitutively release nitric oxide (NO)
and generate prostacyclin to inhibit platelet activation through
elevation of the cyclic nucleotides cGMP and cAMP, respec-
tively. In addition, endothelial cells express the ecto-ADPase
CD39 and thrombomodulin. Under normal circumstances,
platelets are unable to form stable contacts on endothelial cells,
but this can occur on diseased or activated endothelial cells
or at sites of disturbed flow, including arterial bifurcations
where plaques are commonly formed. Adhesion of platelets to
endothelial cells promotes local inflammatory events that can
initiate plaque formation, endothelial cell activation and dam-
age. Lesions in the endothelial layer lead to exposure of suben-
dothelial matrix proteins, particularly collagens and membrane
surface-expressed tissue factor, which can initiate haemostasis.
Platelets have a much wider role than simply support-

ing aggregation (Figure 37.1). Platelet dense granules and α-
granules are packed with a rich diversity of small molecules
and proteins that play fundamental roles in many aspects of
haemostasis, including vessel constriction, leucocyte recruit-
ment and vessel repair, as well as in other pathways, includ-
ing host defence. In addition, platelets release and support the
formation of a variety of active lipid mediators including
sphingosine 1-phosphate, TxA2 and lysophosphatidic acid. The
ability to generate such a cocktail of biological molecules may
reflect the evolutionary relationship of the platelet to the haemo-
cyte in lower organisms, which is involved in both the innate
defence system and haemostasis. In higher organisms, two

distinct sets of cells perform these functions, namely thrombo-
cytes (or platelets) and leucocytes.
Platelets are a major target in the treatment of individuals

at risk of arterial thrombosis. However, careful consideration
is required as to whether a patient should receive antiplatelet
therapy and for how long, bearing in mind that such treatment
always carries a risk of increased bleeding. For the majority of
individuals receiving the orally active antiplatelet drugs aspirin
or clopidogrel this risk is low, but it is not zero. The decision
on whether a patient should receive antiplatelet therapy is based
on the net sum of risk factors for arterial thrombosis, such as
age, stress, weight, sex, lifestyle, cholesterol level, blood pressure,
smoking and previous thrombotic history, and the potential
risk from excessive bleeding. It is now accepted that individuals
judged to be atmedium to high risk of thrombosis should receive
some form of antiplatelet therapy (unless otherwise contraindi-
cated), usually low-dose aspirin, and nearly always in combina-
tion with other treatments such as statins and blood-pressure-
lowering drugs. There is also a small but significant advantage
in using clopidogrel and aspirin in combination for the treat-
ment of patients at high risk of thrombosis, but with an increased
risk of bleeding. Stronger inhibitors of platelet function, namely
blockers of the major platelet integrin αIIbβ3 (GPIIb/IIIa) are
used only in acute situations of thrombotic risk in the clinic, for
example in cases of unstable angina or angioplasty and stenting,
because of their narrow therapeutic window.

Platelet structure and organelles

Platelets are discoid in shape, with dimensions in the human of
approximately 3.0 × 0.5 μm and amean volume of 7–11 fL. This
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Figure 37.1 Functional roles of the platelet in the vasculature.

shape and small size enables platelets to be ‘marginated’ by red
blood cells to the edge of the vessel, placing them in contact with
vascular endothelial cells. The platelet count in humans is usu-
ally in the range 150–400× 109/L. This relatively high count rep-
resents a considerable degree of redundancy for haemostasis, as
it is usually when the platelet count reaches as low as 20 × 109/L
that major spontaneous bleeds are seen. Low platelet counts are
also associated with increased risk of excessive bleeding during
major trauma and surgery.
The discoid shape of the platelet is regulated by the platelet

cytoskeleton, which consists of a spectrin-based membrane
skeleton, circumferential bands of a single microtubule that lie
beneath the plasma membrane and a rigid actin filament net-
work that fills the cytoplasm of the cell. The rigid structure and
platelet strength is supported by 2 million copies of actin per
platelet, of which approximately 40% in a non-stimulated cell
are assembled into actin polymers. These polymers connect with
each other andwith the cytosolic tail of themembrane glycopro-
tein (GP)Ibα via filamin in a lattice-like structure.
Platelets lack a nucleus and have a short lifespan of 10 days.

They have a very limited ability to undergo protein synthesis,
as the result of residual mRNA that has been carried over from
their precursor cell, the megakaryocyte. However recent evi-
dence suggests that activated platelets can synthesize a small
number of key proteins that may be of functional significance.

The presence of low levels of platelet mRNA provides an oppor-
tunity to perform a limited number of genetic studies, although
concern over contamination from nucleated cells, which express
several orders of magnitude higher levels of mRNA, necessitates
the need for direct confirmation of protein expression. Despite
these concerns, the application of both genomic and proteomic
approaches have given an unprecedented insight into the pro-
tein composition of the platelet, although the challenge remains
to identify the function and interplay of the key proteins, as
many may be vestigial or have been carried over from the
megakaryocyte.
Platelets contain four main types of storage granule, dense

granules, α-granules, lysosomes and peroxisomes, and several
mitochondria. There are between five and nine dense granules
in platelets, which contain high levels of ADP, ATP, polyphos-
phates, 5-hydroxtryptamine (serotonin) and Ca2+. There are
approximately 80 α-granules per platelet and these contain a
rich diversity of proteins and membrane receptors that support
haemostasis, vascular repair, inflammation and host defence
(Table 37.1). Major components of α-granules include clotting
factors such as fibrinogen, VWF, factor (F)V, protein S and tissue
factor pathway inhibitor (TFPI), the chemokines SDF-1α, PF4,

Table 37.1 Platelet α-granule constituents.

Physiological role Constituent

Angiogenesis VEGF-A, VEGF-C, PDGF
Antibodies IgG
Coagulation cascade Factor V, fibrinogen, tissue factor

pathway inhibitor
Endothelial cell activation TGF-β
Fibrinolysis Plasminogen, PAI-1,

α2-antiplasmin
Growth factors PDGF, FGF, HGF, IGF-1, EGF
Leucocyte recruitment Chemokines: PF4, RANTES,

β-thromboglobulin, ENA-78,
SDF-1α

Matrix breakdown Hydrolytic enzymes MMP-2,
MMP-9

Membrane proteins αIIbβ3, P-selectin, CD40L
Bacterial killing Microbicidal proteins
Miscellaneous Amyloid β-protein precursor,

Gas6
Proteases Protease nexin II
Platelet aggregation Fibrinogen, fibronectin, VWF
Irreversible aggregation Thrombospondin (locks

fibrinogen bridges between
αIIbβ3)

Examples of platelet α-granule constituents and their physiological roles
are shown. Several other molecules have also been reported to be present
in α-granules and to be released on activation.
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β-thromboglobulin, and RANTES, the growth factors platelet-
derived growth factor (PDGF) and vascular endothelial growth
factor (VEGF) A and C. Platelet α-granules also express key
transmembrane proteins including integrin αIIbβ3, P-selectin
(CD62) and CD40L that are only expressed on activated cells.
Platelets are enriched in signalling and cytoskeletal proteins

that enable them to undergo dramatic changes in morphology
and which enable the aggregate to withstand the high shear
forces of the vasculature. Platelets have a network of intracellu-
lar membranes known as the dense tubular system that release
intracellular Ca2+ in response to the second messenger inositol
1,4,5-trisphosphate (IP3). They also have a network of invagina-
tions of the surface membrane, known as the surface-connected
canalicular system (SCCS), which increase the surface area of
the plasma membrane during platelet spreading. The SSCS also
gives rise tomembrane tethers that play a vital role in supporting
adhesion.

Animal models

Genetically modified mice and other organisms, notably
zebrafish, are used to address the in vitro and in vivo func-
tion of specific genes and proteins in platelets (and thrombo-
cytes), but with the caveat of several key differences to human
platelets with regard to rheology and protein composition. For
example, themouse genome lacks the gene for the only Fc recep-
tor found on human platelets, FcγRIIA, and mouse platelets do
not express one of the major receptors for thrombin on human
platelets, PAR-1. There are also important differences in par-
ticipation of protein isotypes in signalling cascades and various
responses. Moreover, the relevance of many of the in vivo mod-
els (such as tail bleeds and vessel wall injury by ferric chloride
or laser ablation) to haemostasis and thrombosis in humans is
uncertain and fails to mimic the conditions that give rise to arte-
rial thrombosis, which typically occurs on ruptured atheroscle-
rotic plaques. Nevertheless, the processes that govern platelet
activation in mice and other species appear to be shared with
humans, and the value of animal models in analysing platelet
activation and in vivo haemostasis and thrombosis, and thereby
establishing a foundation for ongoing and future clinical trials,
is immense.

Platelet formation

Platelets are formed from megakaryocytes, which can reach
more than 50 μm in diameter. The nucleus undergoes a process
known as endomitosis that involves nuclear replication without
cellular division, giving rise to DNA ploidy values that range
from 4n to 128n. The reason why endomitosis occurs is not fully
understood, but it may simply reflect the need to increase the

DNA content to enable the cell to expand its protein synthetic
capacity to generate 2000–3000 platelets per megakaryocyte. In
addition, it allows cell growth and differentiation to occur with-
out interruption by nuclear and cell division.
The differentiation of bone marrow progenitor cells into

megakaryocytes (MK) is regulated by the cytokine thrombopoi-
etin (TPO). The TPO receptor, c-Mpl, which is expressed on
stem cells, megakaryocytes and platelets, signals via the JAK
family of tyrosine kinases. An acquired mutation in JAK2 is
responsible for myeloproliferative disorders (see Chapter 26).
Platelet lifespan is determined by an internal molecular clock
governed by time dependent degradation of BCL-XL which nor-
mally restrains BAK-1 and BAX from inducing apoptosis. In
addition platelets also undergo desialylation as they age result-
ing in their eventual removal via the hepatic Ashwell-Morell
receptor and induction of TPO synthesis. Circulating free levels
of TPO are additionally controlled by binding and internaliza-
tion mediated through platelet and MK c-Mpl. The two feed-
back mechanisms provide a simple means of tightly control-
ling the platelet count. Thus, if the platelet count decreases, or
platelets are desialylated, the free level of TPO rises and there
is an increase in megakaryocytopoiesis and platelet formation.
Various TPO mimetics are in clinical use for treatment of vari-
ous forms of thrombocytopenia.
The last few years have seen considerable advances in our

understanding of the events leading to platelet formation.
There is recognition that megakaryocyte differentiation occurs
in a defined compartment of the bone marrow known as
the osteoblastic niche and that megakaryocytes subsequently
migrate from this to sinusoidal endothelial cells. At this vas-
cular niche, the megakaryocytes generate long thin processes
known as proplatelets, which form platelets at their terminals.
The proplatelet arms protrude between bone marrow sinu-
soidal endothelial cells and release preplatelets (which further
divide into platelets) and platelets directly into the bloodstream.
Approximately 1 million platelets are released into the blood
every second.

Thrombus formation

The events that underlie platelet adhesion and aggregation, and
which lead to thrombus formation, at intermediate to high rates
of shear (1000–5000/s) of the arteriolar system are discussed
below and depicted in Figure 37.2.

Platelet capture and stable adhesion

The initial event that takes place on damage to the vasculature
is the tethering or capture of platelets through the interaction
of VWF with the GPIb–IX–V complex. VWF and GPIb do not
interact unless a conformational change is induced in VWF as
a consequence of its binding to collagen and/or elevated shear.
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Figure 37.2 Thrombus formation at arteriolar rates of shear.
Platelets are tethered by VWF bound to immobilized collagen,
which then activates the low-affinity receptor GPVI leading to
activation of integrins αIIbβ3 and α2β1, which bind to
VWF/fibrinogen and collagen, respectively. This mediates stable
adhesion and further activation of GPVI. The signals from GPVI

and the two platelet integrins induce spreading of platelets on the
matrix and release of the feedback messengers ADP and TxA2.
VWF and fibrinogen, in combination with ADP, TxA2 and
thrombin, mediate thrombus formation (aggregation) and
stabilization (clot retraction). The formation of a procoagulant
surface also supports formation of thrombin (not shown).

The fast on-rate of association betweenVWF andGPIbα enables
binding to take place at the intermediate to high shear forces
of the arteriolar system. However, a fast off-rate of association
means that this interaction is insufficient to give rise to stable
adhesion. Thus, platelets translocate in the direction of flow on
a surface of VWF unless otherwise activated. High-resolution
imaging technology has revealed that platelets translocate in a
stop–start manner through sliding rather than rolling. Platelet
capture is facilitated by the formation of membrane tethers,
which are thin processes of membrane generated from the
platelet surface by haemodynamic forces. These membrane

tethers can extend as far as 30 μm in length, with much of
their length being derived from the SCCS. The formation of
membrane tethers helps to sustain adhesion within high-shear
environments by minimizing the drag on captured platelets.
The conversion to stable adhesion is dependent on activation

of β1 and β3 integrins by other receptors, most notably the col-
lagen receptor GPVI and vessel-wall-generated thrombin. This
transition can be readily demonstrated in vitro by comparing
adhesion and aggregate formationwhenblood flows over immo-
bilized VWF or a VWF/collagen surface, as illustrated in Figure
37.3. The majority of platelets translocate on a surface of VWF
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Figure 37.3 Platelet adhesion and aggregation at arteriolar shear.
Human blood, anticoagulated with 40 μmol/L P-PACK, was flowed
over collagen or VWF at a shear rate of 1000/s for 4 min and rinsed
with Tyrode buffer for 5 min. Differential interference contrast

images of adherent platelets were recorded. Where indicated,
blood was pretreated with indomethacin (10 μmol/L) and apyrase
(5 U/mL) to reduce the secondary mediators, TxA2 and ADP
respectively, prior to flow.
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and form small stable aggregates only after several minutes. In
comparison, platelets undergo rapid stable adhesion and form
large aggregates on collagen. This process is critically depen-
dent on the binding of plasma-derivedVWF to collagen through
its A3 domain, unmasking the binding site for GPIb within the
VWFA1 domain, and the release of the positive feedback medi-
ators ADP and TxA2.
The integrins that mediate stable adhesion on collagen are

αIIbβ3 and α2β1 (GPIa/IIa), which bind to immobilized VWF
and collagen, respectively. The role of α2β1 in this process
is masked by the 50 times higher level of αIIbβ3, which is
expressed at approximately 80,000 copies per platelet, with a
further 40,000 copies on intracellular α-granules that become
exposed on activation. Platelets express three other integrins
that have the potential to mediate stable adhesion in vivo,
α5β1, α6β1 and αvβ3, which bind to fibronectin, laminin and
vitronectin, respectively. The capture and recruitment of circu-
lating platelets onto a growing aggregate occurs in a similar way,
but in this case β1 and β3 integrin activation is mediated by the
release of ADP and TxA2, and the local formation of thrombin.
Binding of VWF to integrin αIIbβ3 on the surface of activated
platelets mediates tethering of non-activated platelets through
GPIb–IX–V. High-resolution imaging studies have revealed
that the initial stage involves discoid-shaped platelets and is

reversible and independent of ADP and TxA2. This initial phase
therefore serves to recruit platelets into the growing aggregate.
This is followed by an irreversible phase that is associated with
a marked change in platelet morphology and platelet activation,
and which is dependent on released secondary mediators and
localized thrombin formation.
There are important differences in the mechanisms that give

rise to adhesion and aggregation at the low and very high
rates of shear found in the venous system and in stenosed
arteries, respectively. At flow rates of <500/s, platelets adhere
directly to exposed subendothelial matrix proteins and undergo
stable adhesion independent of VWF and GPIb–IX–V. Release
of secondary mediators and thrombin generation is sufficient
to enable aggregate growth to occur. At shear rates >10,000/s,
adhesion and aggregation are mediated entirely by the inter-
action of soluble and immobilized VWF with GPIb–IX–V,
independent of platelet activation.

Spreading

Platelets undergo a characteristic set of morphological changes
on contact with a surface, known collectively as spreading, as
illustrated in Figure 37.4. Initial shape change or rounding is

FG

00010050020010

0

5μm

0001005002001

00010050020010

CRP

THR

Figure 37.4 Distinct morphological changes in washed human platelets exposed to fibrinogen (FG), collagen-related peptide (CRP) or
thrombin (THR). Representative morphology of a single platelet on each surface at specific time points (seconds) are shown. (Source:
Thornber et al., 2006 [FEBS J. 2006; 273: 5032–5043]. Reproduced with permission of Wiley.)
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followed by the generation of finger-like projections known as
filopodia, which grow from the periphery of the cell, and the
subsequent formation of lamellipodia. As these events proceed,
granules and organelles are squeezed into the centre of the cell,
resulting in a characteristic ‘fried egg’ appearance. These dra-
matic changes in morphology are brought about by a powerful
severing and reassembly of the actin cytoskeleton. The spread-
ing of platelets and formation of stress fibres helps to secure the
platelet and thrombus against the flow and shear forces of the
vascular system.

Granule secretion and TxA2 formation

The secretion of ADP from dense granules and the de novo
generation of TxA2 from arachidonic acid, by the action of phos-
pholipase (PL)A2, play a feedback role in mediating platelet
activation. In nearly all cases, activation of platelets by low
concentrations of agonists is potentiated by the release of the
two feedback agonists (see Figure 37.3). Secretion from platelet
α-granules usually occurs concomitantly with that from dense
granules. Fusion of α-granules leads to expression of P-selectin
on the platelet surface, which is the major ligand for P-selectin
glycoprotein ligand (PSGL)-1 on circulating microvesicles and
leucocytes. The capture of circulating microvesicles provides a
mechanism for further activation of the coagulation cascade on
a growing thrombus, while binding to leucocytes contributes to
inflammatory events at the vessel wall.

Aggregation

Aggregation is the specific term used for the cross-linking of
activated platelets through binding of bivalent ormultivalent lig-
ands to integrin αIIbβ3. It is distinct from agglutination which
is a passive process mediated, for example, by the antibiotic ris-
tocetin, which induces cross-linking of VWF to GPIb–IX–V.
Ristocetin is routinely used to investigate possible defects or
gain-of-function mutations in plasma VWF or GPIb, and for
investigation of patients with Glanzmann thrombasthenia.
The integrin αIIbβ3 is present in a low-affinity form on non-

stimulated platelets, but undergoes a conformational change to
a high-affinity form in response to ‘inside-out’ signals. The sub-
sequent binding of bivalent ligands to the integrin mediates
platelet aggregation and adhesion. In turn, these interactions
lead to clustering of αIIbβ3 on the platelet surface and the gen-
eration of ‘outside-in’ signals that regulate actin polymerization
(and therefore platelet spreading) andother responses in synergy
with other platelet receptors.
Fibrinogen, VWF and fibronectin have similar affinities

for integrin αIIbβ3, but fibrinogen is considered to be the
major ligand because of its much higher concentration in
plasma.

Thrombus stabilization

There is increasing recognition of so-called ‘late events’ that
help to stabilize the platelet aggregate or thrombus in the high
shear environment. These events involve remodelling of the
actin cytoskeleton and the interaction of several platelet mem-
brane proteinswith themselves orwith each other. The affinity of
the latter interactions is low and so these interactions only occur
when platelets are brought into close contact with each other.
The ability of blood clots to retract over a course of minutes

to hours is termed clot retraction. The platelets are the force-
generating components of this response, with integrin αIIbβ3
playing a fundamental role, both by linking cytoplasmic actin
filaments to surface-bound fibrin polymers and by generating
intracellular signals that, together with those from other recep-
tors, enable myosin to serve as a motor and drive the process.
A novel actin-dependent, but fibrin-independent, mechanism
of retraction has been recently described that brings newly cap-
tured platelets into the aggregate and strengthens the aggregate
by reducing the shear forces at the aggregate edge.
The aggregate is further consolidated by the binding of a num-

ber of platelet membrane proteins to themselves (homophilic
interactions) or to other surface receptors on adjacent platelets
(heterophilic interactions). Studies using blocking antibodies
and mutant mice have provided evidence that these interactions
contribute to the stability of the thrombus, although in many
cases it is unclear if this is through the generation of intracellular
signals or by strengthening platelet–platelet interaction. There is
also evidence that some of these interactions serve to limit the
degree of thrombus formation. Examples of receptors that may
support these so-called late events are semphorins and ephrins.
Many adhesion proteins are shed during activation, includ-

ing GPVI, GPIbα, GPV, P-selectin, and semaphorin 4D, and this
serves to help prevent unwanted platelet activation and limit
thrombus growth.

Procoagulant activity

Activated platelets also provide a negatively charged phospho-
lipid surface for the assembly of twomultiprotein complexes that
form part of the intrinsic and amplication pathways of coagula-
tion, namely the tenase and prothrombinase complexes. A com-
plex of FIXa and FVIIIa on the negatively charged lipid surface
converts FX to FXa (tenase complex), which in turn forms a
complex with FVa on the same surface to efficiently convert pro-
thrombin to thrombin (prothrombinase complex). In this way,
a large amount of thrombin is generated in the vicinity of the
growing aggregate that serves to enhance platelet activation and
convert fibrinogen to fibrin.
The platelet procoagulant response, which is mediated by

exposure of phosphatidylserine, is elicited only by very power-
ful platelet agonists or combinations of agonists, and requires
sustained entry of Ca2+ across the plasma membrane. Rare

704



Chapter 37 The vascular function of platelets

Collagen

GPVI-
FcRγ α2β1

integrin

αIIbβ3
integrin

GPIb-IX-V

vWF

PGI2

ADP

Thrombin

Dense
granule

AA

TxA2

Fibrinogen

TxA2

Adhesion
Activation

Activation

Aggregation Inhibition

Gq/13

TP

IP

Gq/13
Gi

GsADP

PAR1 and
PAR4 P2Y12

Figure 37.5 Schematic of the major tyrosine-kinase-linked and
G-protein-coupled receptors regulating platelets. The major
receptors regulating platelet activation and inhibition are shown.
The major signalling receptors that mediate platelet activation are
the tyrosine-kinase-linked receptor GPVI and the
G-protein-coupled receptors for TxA2, thrombin and ADP. Of this
group, the P2Y12 ADP receptor is unique in that it synergizes with
the receptors for the other agonists to mediate powerful activation.

The GPIb–IX–V complex is critical for platelet tethering and
integrins α2β1 and αIIbβ3 for stable adhesion and, in the case of the
latter, platelet aggregation. All three of these adhesion receptors
also generate weak tyrosine kinase-based intracellular signals of
uncertain significance. The prostacyclin receptor (IP) elevates
cAMP and, in combination with nitric oxide which elevates cGMP
(not shown), mediates powerful platelet inhibition.

patients have been described with a mild bleeding disorder
linked to defective procoagulant activity, a condition known
as Scott syndrome, and this provides evidence that this path-
way plays an important role in thrombus formation. Scott syn-
drome is caused by mutations in the membrane transporter,
transmembrane protein-16F (TMEM-16F). A related disorder,
Storkmorken syndrome, describes patients with permanently
exposed negatively charged phospholipids on their platelets and
is even less frequent.
The activation of platelets by powerful agonists and entry of

Ca2+ is associated with formation of microvesicles and these too
have been proposed as providing a massive increase in the sur-
face area for binding of the tenase and prothrombinase com-
plexes by binding to other surfaces.

Stimulatory receptors and their signalling
pathways

The major physiological agonists that mediate platelet acti-
vation signal primarily through single transmembrane pro-
teins that regulate Src and Syk family tyrosine kinases or via
seven-transmembrane-spanning proteins that are coupled to
heterotrimeric G proteins. The former group includes the adhe-
sion molecules collagen, VWF and fibrinogen, and the lat-
ter the so-called ‘soluble’ agonists thrombin, ADP and TxA2
(Figure 37.5).

The collagen receptor GPVI is the most powerful of the adhe-
sion receptors, signalling through tyrosine phosphorylation of
an immunoreceptor tyrosine-based activation motif (ITAM) in
its associated FcR γ-chain, leading to formation of an LAT sig-
nalosome and activation of PLCγ2. Integrin αIIbβ3 and GPIb–
IX–V generate much weaker signals that mediate spreading
and activation in synergy with other receptors. Signalling by
GPVI and integrin αIIbβ3 occurs in distinct regions of the
platelet membrane, with the former signalling in cholesterol-
rich membrane domains known as lipid rafts (Figure 37.6). Het-
erotrimeric G proteins are composed of α and βγ subunits, and
take their name from the α subunit, although both subunits reg-
ulate effector proteins. Thrombin and TxA2 receptors activate
Gq and G13, which regulate PLCβ and Rho kinase, respectively,
whereas the P2Y1 ADP receptor is coupled to Gq. The P2Y12
ADP receptor is unique among this group of receptors in that
it is coupled to the Gi family of G proteins.

Tyrosine kinase-linked receptors

GPIb–IX–V
The GPIb–IX–V is unique to platelets and consists of four sub-
units, GPIbα, GPIbβ, GPIX and GPV, with 25,000 copies of the
complex on the platelet surface. The principal ligand for GPIb–
IX–V is VWF, which consists of a series of multimers that vary
in size from 500 to more than 200,000 kDa. The largest multi-
mers of VWF are more effective in mediating platelet tethering
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Figure 37.6 Schematic of GPVI and αIIbβ3 signalling.
Activation of the collagen receptor GPVI leads to
tyrosine phosphorylation of the FcR γ-chain ITAM by
the two Src kinases, Fyn and Lyn. This leads to
recruitment of the tandem SH2 domain-containing
tyrosine kinase Syk, which mediates tyrosine
phosphorylation of the adapter proteins LAT and
SLP-76, and PLCγ2. Signalling occurs in
cholesterol-rich membrane domains known as lipid
rafts. The integrin αIIbβ3 also signals through Src and
Syk tyrosine kinases leading to activation of PLCγ2.
However, there are a number of differences to the
GPVI signalling cascade, including: (i) Src and Syk
binding directly to the β3 cytoplasmic tail
independent of an ITAM, (ii) the integrin uses Src,
(iii) signalling occurs outside of lipid rafts and (iv) is
independent of LAT. These differences may account
for the much weaker signal from the integrin relative
to that from GPVI.

and platelet activation. Ultra-large VWF is stored and released
from endothelial cell Weibel–Palade bodies and is broken down
into the smaller multimers in the circulation by ADAMTS-13.
Deficiencies in ADAMTS-13 lead to the persistence of ultra-
large VWF multimers in the circulation and a life-threatening
thrombotic microangiopathy known as thrombotic thrombo-
cytopenic purpura (TTP), which is characterized by VWF-rich
platelet aggregates in the skin and vital organs. VWF also inter-
acts with and stabilizes FVIII.
At high rates of shear, multimeric VWF undergoes a change

from a globular to an extended form that can reach several
microns in length and which has multiple platelet and colla-
gen binding sites. VWF can also self-associate when extended
to form very large filaments on the surface of endothelial cells
and on collagen. In this extended form, VWF is able to tether to
platelets through the GPIb–IX–V complex and thereby support
adhesion and aggregation. The critical role of extended VWF in
mediating platelet tethering is dependent on the fast on-rate of
association of its A1 domain to GPIbα. However, as discussed
above, other agonists, such as collagen are required to mediate
rapid activation of platelet integrins leading to stable adhesion
and aggregation.
GPIb–IX–V binds to several other cell-surface and plasma

proteins, including integrin αMβ2 (also known as Mac-1 or
CR3) and P-selectin of leucocytes. The interaction with αMβ2
and P-selectin contributes to attachment and transmigration
of leucocytes through a mural thrombus. Binding to P-selectin
has been reported to support rolling of platelets on activated
endothelium in conditions of low shear.
Mutations in GPIbα, GPIbβ and GPIX give rise to the rare

bleeding disorder Bernard–Soulier syndrome, which is charac-
terized by macrothrombocytopenia.

GPVI and integrin 𝛂2𝛃1
Collagen is recognized as the most thrombogenic component
of the subendothelial matrix. Nine forms of collagen have been
described within the vessel wall, with types I and III being the
predominant ones in the deeper layers of the vessel wall and
type IV inmore superficial layers. Themajor receptors for colla-
gen on platelets are the immunoglobulin GPVI and the integrin
α2β1, which are expressed at 4000–6000 and 1500–2500 copies
per platelet, respectively. Themajority of vascular collagens acti-
vateGPVI and integrinα2β1, with the exception of the sheet-like
collagen type IV, which does not interact with either receptor.
Collagen is composed of three helical chains, which inter-

act to form a superhelical structure that is interrupted by non-
helical regions. Synthetic collagen peptides based on repeating
trimers have been shown to bind selectively to GPVI or inte-
grin α2β1. Peptides that are specific to GPVI have a backbone of
GPO residues, whereas peptides that bind to α2β1 have a back-
bone of GPP residues interspersed with at least one or more
GER-containing motifs, such as GFOGER. Many snake toxins
target GPVI, including the C-type lectin convulxin, which is a
tetramer of α and β subunits and induces powerful activation
through clustering.
GPVI forms a complex with the FcR γ-chain and is the major

signalling receptor for collagen. The FcR γ-chain contains an
ITAM, defined by the sequence YXXLX6–12YXXL, which plays
a critical role in cell signalling. ITAM receptors signal through
sequential activation of Src, Syk and Tec family kinases. Src fam-
ily kinases, including Fyn and Lyn, mediate phosphorylation
of the conserved tyrosines in the ITAM, leading to binding of
the tandem SH2 domain Syk family kinase and initiation of a
downstream signalling cascade that culminates in activation of
PLCγ2. Although GPVI is primarily known as a receptor for
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collagen, it is also activated by laminin. Because of the low affin-
ity for GPVI, the interaction with laminin requires prior binding
to the integrin α6β1. Laminin is a major component of the base-
ment membrane and may therefore mediate platelet activation
following minor injuries that fail to expose subendothelial type
I or III collagen or tissue factor.
The primary role of integrin α2β1 is to support platelet adhe-

sion to collagen at sites of damage to the vasculature and to cause
a net increase in binding to GPVI in view of the modest affinity
of collagen for the immunoglobulin receptor. Integrin α2β1 also
mediates weak activation of PLCγ2, although the physiological
significance of this is unclear due to the more powerful action
of GPVI and the redundancy in signalling with other receptors.
The physiological significance of α2β1 in supporting thrombus
formation in vivo is masked by the much greater level of expres-
sion of integrin αIIbβ3.
A small number of patients have been described with inher-

ited or acquired disorders that lead to reduction or abrogation
of expression or signalling by GPVI. In general, these patients
exhibit mild bleeding, but the presence of additional complica-
tions means that it is unclear if this is due solely to the defect in
GPVI. Only three patients have been described with an acquired
deficiency of α2β1 and they too have other vascular complica-
tions.

Integrin 𝛂IIb𝛃3 (GPIIb/IIIa)
Integrin αIIbβ3 is the most abundant protein on the platelet sur-
face and is estimated to comprise approximately 15% of sur-
face proteins. αIIbβ3 binds to several multivalent ligands in
the vasculature including fibrinogen, VWF, fibronectin and vit-
ronectin. Although all of these are capable of supporting platelet
aggregation, fibrinogen is considered to be the major ligand
because of its much higher concentration in plasma. In all cases,
the binding of these soluble ligands requires ‘inside-out’ activa-
tion of integrin αIIbβ3 to a high-affinity conformation in the
presence of divalent cations.
The clustering of αIIbβ3 generates weak ‘outside-in’ signals

that have been shown to induce platelet spreading, clot retrac-
tion and secretion in combination with other platelet agonists
such as ADP. The integrin signals through at least two and possi-
bly more pathways. The most thoroughly characterized of these
is the activation of Src and Syk tyrosine kinases by direct inter-
action with the β3 cytosolic tail. These two kinases regulate actin
polymerization and PLCγ2.
The discovery that the Arg-Gly-Asp (RGD) sequence in

fibronectin mediates its interaction with integrin α5β1 led to the
unexpected discovery that small peptides or snake toxins con-
taining this sequence inhibit binding of fibronectin to integrin
αIIbβ3. This subsequently resulted in the realization that other
matrix proteins use RGD to bind to integrin αIIbβ3, including
VWF, vitronectin and CD40 ligand. However, even though it
has two pairs of RGD sequences, the major site of interaction
of fibrinogen with the integrin is via a KQAGDV sequence at

the C-termini of its two γ-chains. Despite this, the binding of
fibrinogen can still be blocked by synthetic RGD-containing
peptides.
The critical role of integrin αIIbβ3 in aggregation encouraged

the development of novel antiplatelet agents to integrin αIIbβ3.
A chimeric Fab molecule, abciximab, was introduced into the
clinic in 1994 and was later followed by two RGD-based pep-
tide inhibitors, eptifibatide and tirofiban. The three inhibitors
have been approved for use in patients undergoing percutaneous
coronary interventions involving stenting and in patients with
unstable angina. Excessive bleeding and thrombocytopenia are
major side-effects for all three of these αIIbβ3-blocking agents
and thus limits their use to patients considered to be at high risk
of thrombosis within a hospital setting. Unexpectedly, clinical
trials with orally active αIIbβ3 antagonists were associated with
increased mortality, increased bleeding and occasional severe
thrombocytopenia, and were stopped many years ago.

G-protein-coupled receptors

P2Y1 and P2Y12 ADP receptors
ADP was reported to activate platelets in the early 1960s, but it
has only been since 2000 that its critical role as a positive feed-
back agonist has finally been established. This delay in recog-
nition arose because ADP is a weak platelet agonist, and it is
only through its ability to mediate powerful platelet activation
in synergy with Ca2+-mobilizing receptors via the P2Y12 recep-
tor that its critical role in thrombus formation is achieved. The
latter is illustrated by the clinical efficacy of the P2Y12 recep-
tor antagonist, the thienopyridine clopidogrel (Plavix), in the
long-term prevention of thrombosis. Clopidogrel is a prodrug
that is metabolized by the liver to generate an active metabo-
lite that covalently modifies, and therefore irreversibly inhibits,
the P2Y12 ADP receptor. The related thienopyridine prasugrel
is metabolized more rapidly to the same active metabolite as
clopidogrel and therefore has a faster onset of action. Two P2Y12
receptor antagonists that do not require prior metabolism and
bind non-covalently are cangrelor and ticagrelor. These have the
advantage of a faster onset of action. Ticagrelor, but not can-
grelor, is available for oral administration and is now used in the
long-term treatment of patients at risk of thrombosis. Despite
being structurally related toADP, ticagrelor is a non-competitive
antagonist.
ADP stimulates sustained platelet aggregation in Born-

aggregometry through the synergy between the P2Y12 receptor,
which is coupled to the Gi family, and the P2Y1 receptor, which
is coupled to Gq. P2Y1 is expressed at low level with only 150
copies per platelet and it has been proposed that its role is to
support rapid platelet activation in synergy with P2Y12. Consis-
tent with this, arterial, but not venous, thrombus formation is
reduced inmice deficient in the P2Y1 receptor or in the presence
of a P2Y1 receptor antagonist. However, it is unclear whether
the P2Y1 receptor performs a similar function in humans, as
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patientswith a bleeding disorder associatedwith a defect in P2Y1
have not been described. A striking feature of the P2Y1 receptor
is its ability to undergo rapid desensitization and this, together
with its low level of expression, may serve to prevent activation
of platelets following exposure to ADP in the absence of other
platelet stimuli.
The P2Y12 ADP receptor activates the Gi family of G proteins,

predominantly Giα2, leading to inhibition of adenylyl cyclase
and activation of phosphatidylinositol 3-kinase (PI3K). The lat-
ter, in combination with other pathways, underlies its ability to
synergize with Ca2+-mobilizing receptors, whereas inhibition of
adenylyl cyclase on its own is insufficient to mediate activation.
Over 10 genemutations in P2Y12 have been identified in patients
with a mild bleeding disorder, consistent with its critical role in
supporting platelet activation.

TxA2 receptor
TxA2 signals through a single G protein-coupled receptor, the
TP receptor, which is coupled to Gq and G13 heterotrimeric
G proteins. The TP receptor is alternatively spliced in its
C-terminus to two isoforms, TPα and TPβ, that signal in the
same way. Platelets express only the TPα isoform. TxA2 has a
very short half-life and is rapidly metabolized to the inactive
metabolite TxB2, which prevents its use in functional studies,
where the stablemimetic, U46619, is preferred. TxB2 is routinely
used to monitor formation of TxA2 by radioimmunoassay and
U46619 is sometimes used in the clinical evaluation of patients
with suspected thromboxane receptor defects. Arachidonic acid,
which is a direct substrate for cyclo-oxygenase, is used to check
for activity of the TxA2 pathway.
The clinical importance of the TxA2 pathway in platelet acti-

vation is illustrated by the antithrombotic action of aspirin,
which inhibits platelet cyclo-oxygenase. The irreversible nature
of the acetylation induced by aspirin, in combination with the
inability of platelets to synthesize significant levels of new pro-
teins, means that the effective antithrombotic concentration of
aspirin is considerably lower than that required to target cyclo-
oxygenase in other cells. Large-scale clinical trials have shown
that aspirin reduces the mortality of myocardial infarction by
approximately 25% and the number of major vascular events
in individuals at risk by about one-third. Several patients with
platelet-based bleeding disorders have been shown to have het-
erozygous, function-disrupting mutations in the thromboxane
receptor, with the bleeding believed to be due to the associated
presence of one or more further mutations (which have yet to be
identified).

PAR-1 and PAR-4 thrombin receptors
Thrombin is among the most powerful of all platelet ago-
nists and induces activation of human platelets through the
proteolytic cleavage of PAR-1 and PAR-4, thereby generating
tethered ligands which bind to the receptor and promote acti-
vation. Synthetic peptides corresponding to the newly exposed

receptor-specific sequences induce activation in the absence of
receptor cleavage. These thrombin receptor-activating peptides
can be used to selectively activate the individual PAR receptors.
In humans, it is believed that PAR-1 mediates rapid activation
in response to low concentrations of thrombin, whereas PAR-4
is activated by higher concentrations of the protease. PAR-1 and
PAR-4 signal through Gq and G13 heterotrimeric G proteins.
Patients with defects in either of the thrombin receptors have
yet to be identified, possibly because such mutations are lethal.
An orally active PAR-1 receptor antagonist is now available.
The GPIbα subunit of GPIb–IX–V expresses a high-affinity

binding site for thrombin that is believed to position the pro-
tease in the vicinity of the PAR-1 and PAR-4 receptors in order
to facilitate activation. Intravenous and oral direct inhibitors of
thrombin are used in the clinic as anticoagulants.

Other platelet receptors and their ligands

Platelets express a large number and diversity of receptors
for a variety of ligands, including adhesive proteins, amines,
chemokines, cytokines, lipids, nucleotides, proteases and trans-
membrane proteins. Many of the receptors are present at such a
low level, or are not ordinarily exposed to their ligand, that their
physiological role inmediating or potentiating activationmay be
minimal, although they could potentially play a role in disease.
Examples include regulation of human platelets by endothelin-
1, Gas6, insulin-like growth factor, leptin, vasopressin, platelet-
activating factor and PDGF. In some cases, expression of a
receptor on the platelet surface appears to reflect a role in
megakaryocyte development/platelet formation rather than in
regulating platelet activation. Examples include the SDF-1α
receptor, CXCR4 and the TPO receptor c-Mpl. SDF-1α plays a
key role in supporting migration of megakaryocytes to the vas-
cular niche in bone marrow and TPO is the major regulator of
megakaryocyte growth and development. Both receptors also
mediate weak potentiation of platelet activation, although the
physiological significance of this is unclear. The function of a
number of these platelet receptors is discussed below.

5-HT2A receptors
Platelets contain very high levels of 5-HT, which is taken up by
an active transport mechanism and stored in dense granules.
Release of 5-HT induces powerful vasoconstriction, thereby lim-
iting blood loss. 5-HTmediates weak platelet activation through
the 5-HT2A receptor, which is coupled to Gq, but there is little
evidence to suggest that this plays a major role in supporting
haemostasis.

𝛂2A-Adrenoceptor
Adrenaline activates the α2A-adrenoceptor, which is coupled to
the Gi family of proteins, predominantly Gz. As is the case for
the P2Y12 ADP receptor, the α2A-adrenoceptor is able to induce
powerful platelet activation in synergy with Ca2+-mobilizing
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receptors. Studies in α2A-adrenoceptor knockoutmice have pro-
vided evidence for a minor physiological role of adrenaline in
supporting haemostasis, although it is not clear if this is also the
case in humans, even though platelet function tests frequently
use adrenaline as a coagonist.

P2X1 ATP receptor
P2X1 is a receptor forATP,which is released alongsideADP from
dense granules. It is the only known ligand-gated ion channel
on the platelet surface. Binding of ATP promotes direct entry of
Ca2+ into the platelet, which occurs over amuchmore rapid time
course than IP3-mediated Ca2+ mobilization and subsequent
entry of extracellular Ca2+ via store-operated Ca2+ entry. The
P2X1 receptor has been shown to induce platelet shape change,
but requires the presence of other receptors to mediate aggre-
gation. The physiological role of P2X1 may be to facilitate rapid
activation of platelets in synergywith other agonists. It is intrigu-
ing that P2X1 undergoes extremely rapid desensitization and this
too may serve to prevent ‘unwanted’ activation.

Fc𝛄RIIA
v Clustering of the low-affinity immune receptor FcγRIIA by
immune complexes or via primary and secondary antibodies
mediates powerful activation through an ITAM-based pathway
that is believed to be similar to that used by the collagen receptor
GPVI. FcγRIIA is not thought to have a physiological role in sup-
porting haemostasis, but it mediates activation by immune com-
plexes and is the causative receptor in heparin-induced throm-
bocytopenia. FcγRIIA is absent from the mouse genome.

CD36
The scavenging receptor CD36 is among the most highly
expressed of platelet surface glycoproteins, being present at
approximately 20,000 copies per platelet. Despite the fact that it
was first identified on platelets more than 30 years ago, it is only
recently that it has been implicated as a major player in medi-
ating the increased platelet responsiveness in patients with dys-
lipidaemia. Oxidized choline glycerophospholipids are present
at sufficiently increased levels in the plasma of humans with
low levels of high-density lipoprotein to potentiate activation of
platelets by threshold concentrations of ADP and other agonists.
Moreover, this potentiation is not seen in individuals who do
not express CD36 on their platelets, suggesting that they may
be protected against the dyslipidaemia-induced prothrombotic
state. However, further research is still required to fully evaluate
the contribution of platelet CD36 to cardiovascular disease.

CLEC-2
The C-type lectin receptor CLEC-2 mediates powerful acti-
vation of platelets in response to the snake venom toxin
rhodocytin, or its endogenous ligand podoplanin. The lat-
ter is expressed on lymphatic endothelial cells, renal epithe-
lial cells and on type I lung alveolar cells and is upregulated

on macrophages at sites of inflammation and on the leading
edge of tumours, where it is implicated in cancer metasta-
sis. Mice deficient in CLEC-2 or podoplanin die shortly after
birth, and embryos at mid-gestation have blood-filled lymphat-
ics and haemorrhaging in the brain. These defects have been
shown to be platelet in origin. CLEC-2 signals through an
ITAM-like pathway similar to that used by GPVI and FcγRIIA,
although it uses a single rather than a tandem YXXL motif to
activate Syk.
CLEC-2 appears to play a minimal role in supporting

haemostasis, consistent with the absence of podoplanin in the
vasulature. However, platelet CLEC-2 plays a critical role in vas-
cular integrity (i.e. the ability of a healthy endothelial cell layer
to stop haemorrhaging), notably at sites of inflammation. CLEC-
2 expression is restricted to platelets and to activated dendritic
cells.

Second messenger pathways underlying
activation

Calcium

Thedivalent cationCa2+ plays a critical role inmediating platelet
activation, usually in combination with other signalling path-
ways. An increase in Ca2+ is brought about by its release from
intracellular stores by the action of IP3 and by entry through the
plasmamembrane, predominantly through store-operated Ca2+

entry. The latter has recently been shown to occur via binding of
the transmembrane protein STIM-1, which is localized to intra-
cellular stores, to the surface membrane Ca2+ channel, Orai-1,
with the trigger for entry being the release of Ca2+ from the
store. The entry of Ca2+ through Orai-1 is critical for procoag-
ulant activity and possibly other responses. The released Ca2+

is efficiently removed from the cytosol by Ca2+-ATPases in the
endoplasmic reticulum (SERCA) and in the plasma membrane
(PMCA).

Protein kinase C

PKC refers to a family of structurally similar lipid-regulated pro-
tein kinases that is divided into classical isotypes regulated by
Ca2+ and 1,2-diacylgycerol (DG), novel isotypes regulated by
DG and atypical isotypes regulated independently of the two
messengers. Human platelets express two classical isotypes, α
and β, and three novel isotypes, δ, θ and η. PKCα is the major
isoform regulating dense granule and α-granule platelet secre-
tion inmouse platelets, with increasing evidence suggesting that
the other PKCs have isotype-specific inhibitory and activatory
roles.
DG, together with Ca2+, regulates the Rap1 (also known as

Rap1b) GTP exchange factor, CALDAG-GEF1. Rap1 plays a
critical role in mediating activation of integrin αIIbβ3, although
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this role can be bypassed by high concentrations of powerful
ligands. CALDAG-GEF1-deficient mice and patients with
defective expression of the exchange factor (leucocyte adhe-
sion deficiency type III) have defective Rap1 activation and a
bleeding diathesis.

Phosphatidylinositol 3-kinase

PI3K generates the 3-phosphorylated lipid second messen-
ger phosphatidylinositol 3,4,5-trisphosphate (PIP3) from
phosphatidylinositol 4,5-bisphosphate (PIP2). The two 5-
phosphorylated lipids mediate translocation of proteins
containing one or more pleckstrin homology (PH) domains to
the membrane, including PLCβ and PLCγ isoforms, protein
kinase B (Akt) and the Tec family kinase Btk, which mediates
phosphorylation of PLCγ2. Platelets express several regulatory
and catalytic subunits of PI3K, although p110β and p85α/β
are believed to the major catalytic and regulatory subunits
supporting activation.

The molecular basis of platelet activation

The physiological end points of platelet activation are sta-
ble adhesion, aggregation, granule secretion, TxA2 formation,
spreading with stress fibre formation, clot retraction and proco-
agulant activity. These responses are regulated by the interplay
between tyrosine kinase- and G protein-regulated signalling
pathways, with evidence of considerable redundancy in their
actions. Here we provide brief details on the major mechanisms
that underlie each of these events.

Stable adhesion and aggregation

These responses are mediated through activation of inte-
grin αIIbβ3 by ‘inside-out’ signals from tyrosine kinase and
G-protein-coupled receptors. Activation of the integrin is
brought about by the binding of talin to the β3 cytoplasmic tail
via a FERM domain in its head region. Platelet activation is
associated with the recruitment of talin from the cytoplasm to
the β3 tail via a process that remains poorly understood, but
which is regulated in part by binding of Rap1 to its effector
protein RIAM. The interaction of talin with the β3 tail leads
to separation of a salt bridge between the αIIb and β3 sub-
units, and a resulting conformational change in the extracellu-
lar region of the integrin from a bent to an extended conforma-
tion. The FERM domain-containing protein kindlin-3 has also
been shown to bind to the β3 tail and to mediate activation in
combination with talin, although the precise details of this inter-
action remain to be established. Ligand engagement of the inte-
grin leads to clustering and generation of ‘outside-in’ signals that
stimulate actin polymerization and PLCγ2, which support many

aspects of platelet activation, including spreading and granule
secretion.

Secretion

Platelet dense granule and α-granule secretion is triggered
through a synergistic interaction between Ca2+- and PKC-
regulated pathways, with both arms being critical for secretion
to occur. Granule fusion is orchestrated by a superfamily of
proteins termed SNAREs (soluble N-ethylmaleimide-sensitive
attachment protein receptors) that form a universal membrane
fusion machine. The activity of SNARE proteins is regulated by
a series of chaperone proteins that facilitate membrane fusion.
PKC phosphorylates several SNARE and chaperone proteins,
including Munc-18, syntaxin-4 and SNAP-23, altering their
affinity for their binding partners. For example, phosphorylation
of Munc-18 interferes with its ability to bind to syntaxin-4 and
phosphorylation of syntaxin-4 by PKC inhibits its ability to bind
SNAP-23. This allows syntaxin-4 to interact with SNARE pro-
teins on the opposing membrane, promoting fusion and granule
secretion. There is evidence, albeit controversial, for differential
regulation of the two sets of granules, although the molecular
basis of this is not known and in general dense granule and α-
granule secretion occur together.

TxA2 formation

Cytosolic PLA2 liberates arachidonic acid from membrane
phospholipids and is regulated by Ca2+ and serine phosphory-
lation downstream of mitogen-activated protein kinases. Ca2+

is critical for activation, whereas phosphorylation causes a rel-
atively small increase in activity and on its own is insuffi-
cient to mediate activation. The liberated arachidonic acid is
metabolized by cyclo-oxygenase and thromboxane synthase to
PGG2/PGH2, which immediately convert into TxA2, and by
lipoxygenase enzymes to leucotrienes.

Actin polymerization

Activation of platelets leads to a series of dramatic changes in
platelet morphology that helps to secure the thrombus at the
site of injury in the high-pressure arteriolar system. In addi-
tion, actin polymerization plays an important, but poorly under-
stood role in signalling by platelet surface glycoprotein recep-
tors, including GPVI and integrin αIIbβ3. Actin is assembled
into a number of morphologically distinct structures, including
filopodia, actin nodules, lamellipodia and stress fibres down-
stream of small GTP-binding proteins. For example, the small
G protein Rac1 drives formation of lamellipodia in platelets
through the Arp2/3 complex, while the small G protein Rho
regulates formation of actin–myosin stress fibres. Mice deficient
in Rac1 or treated with inhibitors of Rho kinase have unstable
aggregates, emphasizing the importance of actin polymerization
in generating and strengthening the thrombus.
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Inhibitory agonists and their receptors

It is essential for platelets to have powerful inhibitory mecha-
nisms that prevent activation in intact healthy vessels and which
limit thrombus growth during haemostasis.
Themajor direct mechanism of inhibition of platelet function

is through elevation of the cyclic nucleotides cGMP and cAMP
by NO and prostacyclin, respectively. The two cyclic nucleotides
mediate their effects in platelets through regulation of cGMP-
dependent protein kinase (PKG)-1 and cAMP-dependent
protein kinase (PKA). In addition, cGMP regulates the three
major platelet phosphodiesterases (PDEs), including inhibition
of PDE3, thereby leading to an increase in the level of cAMP.
There is therefore cross-talk between the two cyclic nucleotides,
even though many of the targets for PKG-1 and PKA are
distinct. This is illustrated by the demonstration that PKG-1,
but not PKA, mediates inhibition of platelet activation through
phosphorylation of the IP3 receptor-associated cGMP kinase
substrate (IRAG), which is expressed in a macromolecular
complex with PKG-1 and the IP3 receptor type 1. Phospho-
rylation of IRAG by PKG-1 inhibits IP3-induced Ca2+ release
and, importantly, targeted deletion of the IP3-binding region of
IRAG prevents NO-mediated inhibition of platelet activation,
whereas the inhibitory effect of cAMP is retained. In contrast,
elevation of cAMP has been shown to lead to inhibition of
activation of PLC. The two cyclic nucleotides induce phospho-
rylation of many substrates in platelets, including VASP, which
is used to monitor their activation by western blotting for flow
cytometry.
There is evidence that a family of platelet glycoproteins, char-

acterized by the presence of tandem immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) in their cytosolic tails, medi-
ate weak inhibition of activation by both tyrosine-kinase-linked
and, to a lesser extent, G-protein-coupled receptors. PECAM-
1 is the most characterized of this family of proteins and is
expressed at a level of approximately 10,000 copies per platelet.
A constitutively phosphorylated ITIM-containing transmem-
brane protein, G6b-B, plays a constitutive role in prevention of
signalling by the collagen receptor GPVI and by GPIb. Mouse
platelets deficient in G6b-B are thrombocytopenic and have a
reduced surface level of GPVI due to constitutive signalling and
shedding of the glycoprotein receptor. This effect of G6b-B is
mediated by inhibition of Syk signalling by the dual SH2 domain
tyrosine phosphatases, SHP-1 and SHP-2.
The endothelial surface also plays a significant role in pre-

venting excessive thrombus growth, again through removal of
ADP and thrombin, by release of NO and prostacyclin, and by
activation of the fibrinolytic pathway. Additional mechanisms
help to limit excessive growth, including shedding of platelet
surface glycoprotein receptors, cleavage of intracellular proteins
through calpain, and removal of intracellular messengers and
reversal of phosphorylation by the action of tyrosine and ser-
ine/threonine phosphatases.

Platelet-based bleeding problems

Bleeding can be due to abnormalities in platelet func-
tion/number or to extensive antiplatelet medication. Patients
with platelet disorders present with a typical mucocutaneous
bleeding pattern of variable severity and are often prone to
bleeding during surgery and trauma.However, inherited platelet
defects are an uncommon cause of bleeding and are difficult to
diagnose and manage, with wide variation in practices between
laboratories. Before any platelet function test is requested, a full
clinical and family history is taken to determine the underlying
cause of the bleeding problem. This includes studying the
pattern of bleeding, whether it is lifelong or recent, triggered by
trauma (e.g. dentistry, surgery or accident), is present within
other family members and associated with any medication the
patient may be taking. von Willebrand disease (VWD) is the
most commonly inherited bleeding disorder, but presents with
a platelet-like bleeding pattern and so measurement of VWF
and other coagulation factors is performed ahead of platelet
function assays. Although bleeding histories are subjective and
can vary within a lifetime, they remain an important screening
method for diagnosing a potential platelet defect. However, it is
also important to exclude acquired defects of platelet function,
including those caused by antiplatelet drugs and other clinical
disorders. A complete drug history is therefore important,
as aspirin and non-steroidal anti-inflammatory drugs are the
commonest causes of an acquired platelet defect and testing
may have to be deferred and repeated.
Inherited platelet defects can be classified according to the

severity of bleeding, with severe disorders such as Glanzmann
thrombasthenia and Bernard–Soulier syndrome usually being
detected very early in life, while more mild bleeding disorders
(e.g. due to P2Y12 deficiency) often not being detected for many
years until the patient is exposed to surgery or trauma. Indeed,
there is overlap between symptoms inmilder platelet defects and
the normal population, which may be partly related to varying
levels of plasmaVWF,making the former group difficult to diag-
nose. Further information on inherited platelet bleeding disor-
ders is given in Chapter 42.

Platelet function testing

Platelet function tests are primarily used to aid in the diagno-
sis of patients presenting with bleeding problems. A variety of
tests can be used to diagnose an underlying cause of the bleed-
ing problem. Normal platelet function is highly dependent on
extracellular Ca2+ and Mg2+ concentrations and so the choice
of anticoagulant is important. Most current testing is still per-
formed on citrated blood within a few hours of sampling.
Global tests of platelet function are often initially used as

screening tests during the laboratory investigation of individuals
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with suspected haemostatic defects. Since global tests of platelet
function do not enable specific diagnosis of platelet disorders,
they are normally performed as the first part of a two-step
strategy that requires further testing with more specialized
assays of platelet function to confirm or refute any clinical
diagnosis. The most commonly proposed rationale for testing
global platelet function as a first-line investigation is exclusion
of a platelet function disorder so that further specialized testing
can be avoided. For this reason, global platelet function tests are
usually initially performed at the same time as global assays of
coagulation pathway function (prothrombin time and activated
partial thromboplastin time), VWF screening tests (VWF:Ag,
VWF:RCo and FVIII:C) and measurement of platelet number
with a full blood counter. The most widely performed tests for
initial global screening platelet function disorders are currently
the template bleeding time and the closure time within the
platelet function analyser (PFA)-100.
The bleeding time was the first in vivo test of platelet func-

tion and is performed by timing the arrest of bleeding from
standard-sized cuts made in the skin of the forearm. Most
clinicians consider the test to be poorly reproducible, inva-
sive, insensitive (particularly to mild platelet defects) and time-
consuming. Despite these drawbacks, the test is surprisingly
still widely used. A number of in vitro tests that attempt to
accurately simulate platelet function have been developed. The
most widely used of these is the PFA-100. This simulates high-
shear platelet adhesion to foreign surfaces (e.g. collagen) and
either monitors the drop in flow rate as an aperture is closed by
platelet adhesion/aggregation respectively. The PFA-100 instru-
ment provides optional replacement of the bleeding time as a
limited screening test. Although the instrument therefore has
good negative predictive value for eliminating severe platelet
defects and VWD, it is very important that further diagnostic
tests are still performed if clinical suspicion of a platelet defect is
strong.
Automated cell counting of whole blood in the modern

full blood count investigation is an essential screening test in
patients with abnormal bleeding. Modern blood counters can
rapidly detect abnormalities in platelet number, platelet size dis-
tribution and mean platelet volume (MPV) and provide a reli-
ablemethod for screening samples from patients, provided good
quality control procedures are followed within the laboratory.
Normal results will therefore rapidly eliminate thrombocytope-
nia and anaemia as potential causes of bleeding and ensure that
any platelet function tests that are being performed will not be
affected by low platelet counts. If any abnormalities in platelet
count, MPV or distribution are flagged by the instrument, then
a blood smear should be examined to confirm defects in platelet
number, size and granule content. Whole-blood morphology
may also assist in the diagnosis of platelet disorders by indicating
abnormalities such as red cell schistocytes in TTP or neutrophil
inclusions and giant platelets in MYH-9-related disorders.

Depending on the results of clinical and laboratory screening
of patients, a series of diagnostic platelet function tests are
usually performed. Since the 1960s, light transmission aggre-
gometry (LTA) became the gold standard of platelet function
testing and has revolutionized our ability to identify and
diagnose a wide variety of platelet defects. Conventional Born
aggregometers monitor the changes in light transmission that
occur in a suspension of platelets in plasma or a physiological
buffer that are stimulated with different concentrations of vari-
ous agonists (e.g. ADP, collagen, adrenaline, ristocetin). Typical
parameters recorded from LTA tracings include shape change,
lag phase, rate of aggregation, and maximal and final extent
of aggregation. These parameters, coupled with the pattern of
primary and secondary aggregation responses obtained with
different dosages of different agonists, enable the experienced
operator to diagnose specific signalling defects. Modern aggre-
gometers are now multichannel, fully computerized, easy to use
compact instruments and some can also simultaneously mea-
sure ATP secretion levels by luminescence. Measurement of the
storage and release of the dense granular nucleotides can also be
performed by a variety of alternative methods for confirming
either storage and/or release defects, although recent surveys
suggest that measurement of secretion is underused. The inter-
pretation of aggregation traces remains challenging due to the
feedback actions of ADP and TxA2. Whole-blood impedance-
based aggregometers are now also common and measure the
changes in electrical resistance between two electrodes caused
by platelet adhesion and aggregation after addition of agonists,
but are heavily influenced by platelet count. Flow cytometry
provides an exquisite, sensitive and powerful tool for studying
and diagnosing various platelet defects. Flow cytometric analysis
of platelets is performed in fresh whole blood or in platelet-rich
plasma, and the technique can be used with very small fluid
volumes, even in thrombocytopenia. This technique is used to
determine the copy density of platelet membrane glycoproteins
and receptors, and is therefore useful for confirming the absence
of various glycoproteins or receptors in disease. Platelet function
testing can also be performed and the ability of platelets to
degranulate, express activation markers (e.g. P-selectin) and
expose procoagulant phospholipids can be studied. A major
limitation of the above tests is that they are performed at low
shear conditions and therefore do not mimic accurately many
of the important physiological processes of platelet adhesion,
activation and aggregation that occur at higher shear rates
in vivo. There is clearly still no gold standard for platelet
testing, and indeed there may never be, and LTA remains the
most widely used test. However, a variety of screening and
diagnostic tests coupled with an accurate bleeding history
will always be required to confirm a platelet-based bleeding
disorder, simply because of the heterogeneity in the range of
disorders encountered coupled with the cross-talk between
receptors.
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Platelets and thrombosis

There is much recent interest in the possibility of using platelet
function tests to reliably detect platelet hyper-reactivity in
patients with arterial thrombosis (e.g. myocardial infarction,
unstable and stable angina, stroke, transient ischaemic attacks
and peripheral vascular disease). This could potentially allow
patients to be risk stratified and their treatment adjusted accord-
ingly to potentially improve their clinical outcomes. The increas-
ing interest in this area and clinical discussion of aspirin or clopi-
dogrel ‘resistance’ has resulted in the development of a variety
of instruments that can be useful for testing (e.g. Platelet Map-
ping System, VerifyNow, Plateletworks, Aspirinworks). The Ver-
ifyNow test was originally developed as awhole-blood cartridge-
based test to monitor αIIbβ3 blockade because of the narrow
therapeutic window and increased bleeding risk associated with
these types of drugs. The test has also been adapted to measure
aspirin and P2Y12 blockade with two other cartridge formula-
tions. Platelet responsiveness to antiplatelet drugs can be eas-
ily monitored by the tests mentioned, as well as by LTA, whole-
blood aggregometry, PFA-100 and IMPACT. Poor responders or
‘resistant’ individuals can therefore be identified, although it is
still unclear how to manage them and whether there is a clini-
cally relevant relationship between poor response and outcome.
Emerging evidence suggests that the true incidence of so-called
aspirin resistance is probably very low (when non-compliance
is accounted for) and that many studies are measuring platelet
hyper-reactivity and not blockade of cyclo-oxygenase type 1.
Although recent meta-analyses suggest that this could neverthe-
less be clinically informative, it is still unclear how to reliably
identify these patients, with which test and cut-off (as differ-
ent tests give different results) and then actually how to manage
these patients. Testing is therefore still very much in the clin-
ical research setting. Indeed, International Society for Throm-
bosis and Haemostasis (ISTH) Scientific and Standardization
Committee guidelines suggest that aspirin resistance should
not be routinely monitored and the wider question remains
whether routine testing of platelet hyper-reactivity and/or drug
responsiveness is actually clinically necessary. Certainly there is
a spectrum of platelet responsiveness within the normal popu-
lation and those individuals with a stable or even an acquired
hyper-reactive phenotype could theoretically be at higher risk of
thrombosis.
Clopidogrel resistance is a different phenomenon as this is

a prodrug that requires metabolism by liver cytochrome P450.
This results in the generation of an active metabolite that irre-
versibly inhibits the P2Y12 receptor. Differences in the efficiency
of metabolism between individuals (related to their P450 geno-
type) taking standard clopidogrel dosing results in a spectrum
of responsiveness and recent meta-analysis suggests that poor
responders are indeed prone to increased risk of thrombosis.
Again, there is a variety of tests available to monitor the efficacy

of clopidogrel, including LTA, whole-blood aggregation (Multi-
plate), VASP phosphorylation and VerifyNow. One of the prob-
lems facing the investigator is not only which test to use, but
also the definition of a suitable cut-off defining a non-response
and how to effectively manage these individuals. Although there
are emerging clinical cardiology guidelines, as yet they do not
include routine monitoring of clopidogrel responsiveness.
It is clear that large well-designed prospective trials are

required in this area, where patients with hyper-reactive platelets
and/or a poor response to aspirin/clopidogrel are randomized to
different treatments based on a platelet function test result. Only
with this type of data will personalized platelet function testing
perhaps become a reality in the future.

Genetics of platelet function disorders

Inherited platelet function disorders (PFDs), associated with
normal or reduced platelet counts, are individually rare, but col-
lectively they account for a significant proportion of bleeding
diatheses. Inherited platelet disorders can be classified into dis-
tinct groups, which include defects in adhesion, receptor sig-
nalling, secretion, cytoskeleton, procoagulant activity and pro-
duction.
Identification of the underlying genetic defects is difficult and

often complex in the majority of PFD cases. This is due to the
variable clinical expression of the bleeding symptoms and the
relative redundancy of known platelet receptor and signalling
pathways. Causative mutations for PFDs have therefore only
been identified in a small number of patients. For example, only
two patients with compound heterozygote defects in the major
collagen receptor, GPVI, have been previously described. This
is in addition to a homozygous frameshift mutation in multi-
ple Chilean patients, which is likely to be due to a founder effect.
The number of patients withmutations in theGi-coupled P2Y12
ADP receptor is only now into double figures. In most cases,
the defect is frequently recessively inherited and the patients
are either homozygous or compound heterozygous for P2RY12
mutations. Only three functionally disrupting mutations have
been reported in the Gq-coupled thromboxane receptor, of
which all patients are heterozygous for the mutation. A signifi-
cant number of mutations in PFDs are indeed heterozygous, but
many are unlikely to cause extensive bleeding in isolation. This
is illustrated in some patients with heterozygous P2RY12 defects
diagnosed with type 1 VWD, a finding which emphasizes the
heterogeneity and polygenic nature of PFDs.
In the last 25 years DNA-based technologies have played a

significant role in the characterisation and diagnosis of PFDs.
This first began in the early 1990s with the identification of
the two genes encoding the platelet integrin αIIbβ3. Mutations
in these two genes, ITGA2B and ITGB3, were discovered in
patients with Glanzmann thrombasthenia. Since then, cloning
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techniques have gone on to scrutinize the domains of genes
which behold their function. Currently, themost time- and cost-
efficient means of screening genes is whole-exome sequencing
(WES).WES enables the detection of genetic variation through-
out the protein-coding fraction of the genome. The main chal-
lenge in applying WES for gene discovery is in filtering out the
large numbers of irrelevant variants (typically in excess of 20,000
per individual). However the ‘unbiased’ nature of this approach
means we are not limited by preconceptions as to likely causative
mutations. This powerful technique is illustrated in regard to
platelet biology by the recent discovery of a gene, neurobeachin-
like 2 (NBEAL2), for Gray platelet syndrome, an autosomal
recessive bleeding disorder characterized by large platelets that
lack α-granules. More recently, WES has also been utilized for
the identification of activating causative mutations in STIM1
and ORAI1 for Stormorken syndrome.
The most recent sequencing technology to emerge is whole-

genome sequencing (WGS), which is likely to become the
method of choice as costs are reduced and sequence variation
databases are improved. Alternatively a more gene-specific tar-
geted platform may be the method of choice to reduce the time
to diagnosis, by allowing the capture and sequencing of a panel
of genes of relevance to bleeding and thrombotic disorders. Ulti-
mately, DNA-based analysis will play an increasingly important
role in the first-line investigation of patients with PFDs. Insights
into the underlying mechanisms of platelet function through
genetic investigation in patients will, in turn, lead to more effec-
tive treatments for bleeding and cardiovascular disease in the
future.

Conclusions and future developments

Given that platelets were considered to be just pieces of cir-
culating dust about 150 years ago, they are now one of the
most important cells in pathology. Now that the megakary-
ocytic/platelet genome and proteomes are being defined, many
new platelet proteins have been discovered, although many of
these appear to have minor or negligible roles in regulating acti-
vation. The challenge is to identify which of these are function-
ally important in the many roles of platelets.
The ultimate goal of platelet research remains the develop-

ment of improved antithrombotic agents that provide effective
treatment without an increased risk of bleeding. Although it
may never be possible to fully attain this goal, as we begin
to understand more about the events that underlie thrombus

formation, there will be increased opportunity for discovery of
more rational forms of therapy. New medicines targeted to the
very early stages of platelet activation or the amplification phase
(as proven with aspirin and clopidogrel) may be more effective
in preventing thrombosis without significantly disturbing
normal haemostasis.
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Introduction

The existence of lifelong bleeding disorders and their familial
occurrence was noted in the medical literature as early as the
sixteenth century. Early writers were impressed by the help-
lessness of the physician in the face of haemophilic bleeding.
Although long recognized, the pathophysiology and genetics of
these disorders was not fully understood until the latter half
of the twentieth century. Advances in protein chemistry and
molecular biology now allow a comprehensive understanding
of normal coagulation, the physiological defect in haemophilia
and the underlying molecular genetics. Chapter 36 outlines the
normal coagulation mechanism. In this chapter, the clinical fea-
tures and principles of management of the most common inher-
ited bleeding disorders, haemophilia and vonWillebranddisease
(VWD), are described, together with a summary of the genetic
lesions responsible.

Haemophilia

Pathophysiology of haemophilia

Haemophilia A and B are caused by deficiency of factor FVIII
and FIX respectively. FVIII and FIX are the two components
of the intrinsic tenase (see Chapter 36). Consequently, their
absence causes virtually identical patterns of bleeding. Com-
bined with the fact that they are both encoded on the long arm
of the X chromosome, they present almost indistinguishable
sex-linked clinical syndromes and specific assays are required

to determine which is present. In both cases, failure to form
the intrinsic tenase complex results in failure to produce the
thrombin burst characteristic of normal coagulation. As a result,
a loose friable fibrin mesh is produced that is easily dislodged
and which has increased susceptibility to fibrinolysis. Fibri-
nolytic breakdown of the clot is also favoured by the failure of
the weak thrombin burst to activate the thrombin-activated fib-
rinolysis inhibitor (TAFI). The consequent failure to consolidate
the primary haemostatic (platelet) plug results in the character-
istic bleeding pattern of haemophilia, which is both delayed after
trauma and much prolonged. Typical sites of bleeding are joints
and muscles. Replacement by intravenous infusion of the defi-
cient factor can normalize the haemostatic mechanism.

Clinical features

Haemophilia A and B affect approximately 1 in 10,000 and 1
in 50,000 live births, respectively, and are equally common in
all ethnic groups. The vast majority of patients are male, but
haemophilia can occur very rarely in females (see below). The
severity and frequency of bleeding is inversely correlated with
the residual level of FVIII or FIX. Table 38.1 summarizes this
relationship and gives the relative frequency of the categories,
based on UK national data. The main load- or strain-bearing
joints (ankles, knees and elbows) are most affected, but any
joint can be the site of bleeding. If untreated, this intracapsular
bleeding causes severe swelling, pain, stiffness and inflamma-
tion, which gradually resolves over days or weeks. It is not clear
why bleeding in haemophilia shows a predilection for joints,
but it has been suggested that low levels of tissue factor (TF)
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Table 38.1 Haemophilia A: clinical severity.

FVIII
(units/dL) Bleeding tendency

Relative
incidence
(%)

<1 Severe: frequent spontaneous†

bleeding into joints, muscles and
internal organs

50

1–5 Moderate: some ‘spontaneous’ bleeds,
bleeding after minor trauma

30

>5–45 Mild: bleeding only after significant
trauma, surgery

20

†‘Spontaneous’ bleeding refers to those episodes in which no obvious
precipitating event preceded the bleed. No doubt, minor tissue damage
consequent on everyday activities actually initiates bleeding.

expression in synovial tissue may be at least part of the explana-
tion. There is some suggestion that bleeding in severe FIX defi-
ciency is slightly less frequent, but the two disorders were not
clearly distinguished until the middle of the twentieth century.
Haemophilia B then acquired the alternative name ‘Christmas
disease’ after one of the boys in the first report in 1952. Bleeding
intomuscles and joints is the hallmark of haemophilia, although
the pattern of bleeding described below is now often masked by
the use of prophylaxis.
Blood is highly irritating to the synovium and causes an

immediate inflammatory reaction in the joint. In the longer
term, blood and particularly increased iron deposition promote
a chronic proliferative synovitis resulting in overgrowth of fri-
able and highly vascular synovium, which has an increased ten-
dency to further bleeding, thus setting up a vicious cycle. As
a result of the vicious cycle of bleeding and synovial hypertro-
phy, a particular joint frequently becomes the ‘target joint’ in an
individual, whereas other joints may be relatively spared. Blood
also has a rapid destructive effect on cartilage that is evident
after only a single haemarthrosis. Accumulation of iron in chon-
drocytes may also contribute to the multifactorial degenerative
arthritis, resulting in irregularity of articular contour, thinning
of the cartilage, bony overgrowth, subchondral cysts and finally
ankylosis (Figure 38.1).
Muscle bleeding can be seen in any anatomical site, but itmost

often presents in the large load-bearing groups of the thigh,
calf, posterior abdominal wall and buttocks. Local pressure
effects often cause entrapment neuropathy, particularly of the
femoral nerve with iliopsoas bleeding. This causes a common
symptom triad of groin pain, hip flexure and cutaneous sensory
loss over the femoral nerve distribution. Bleeding into the calf,
forearm or peroneal muscles can lead to ischaemic necrosis and
contracture.
Haematuria is less common than joint or muscle bleeding in

individuals with haemophilia, but severely affected patients may

Figure 38.1 Radiograph of knee joint showing advanced
haemophilic arthropathy. Note the loss of cartilage, eburnation,
deformity subluxation, osteophytes, subchondral cysts and
irregularity of joint contours.

have one or two episodes per decade. These may be painless
and resolve spontaneously, but if bleeding is heavy, it can pro-
duce clot colic. Usually, no anatomical abnormality is found to
account for the haematuria on radiological investigation.
Central nervous system bleeding is uncommon, but can occur

after minimal head injury and remains a significant cause of
death in haemophilia A. Intestinal tract bleeding frequently
presents with haematemesis and melaena and should be rou-
tinely investigated for peptic ulceration or malignancy. It may
also present as obstruction due to intramural haemorrhage.
Oropharyngeal bleeding, although uncommon, is clinically

dangerous, as extension through the soft tissues of the floor of
themouth can lead to respiratory obstruction. Bleeding from the
tongue after laceration can be very persistent and troublesome
due to fibrinolytic substances in saliva and the impossibility of
immobilizing the tongue.
Surgery and open trauma invariably lead to dangerous haem-

orrhage in the untreated individual with haemophilia. There

716



Chapter 38 Haemophilia and Von Willebrand Disease

may be persistence of haemorrhage, often after an initial short-
lived period of haemostasis. Clots, if formed, are bulky and fri-
able and break down, with recurrent haemorrhage occurring
intermittently over days andweeks.Nowadays this is only seen in
patients who are resistant to conventional replacement therapy
due to the presence of inhibitors (see below) or when patients
with mild or moderate haemophilia present after their first
surgical or dental procedure. Bruising is a common feature of
haemophilia A, but is usually only of cosmetic significance as
it remains superficial and self-limiting. Large extending ecchy-
moses may occasionally require treatment.

Presentation

If a mother is likely or certain to be a carrier of severe
haemophilia, the absence of FVIII or FIX in a cord blood sam-
ple will establish the diagnosis in the infant. Mild degrees of
deficiency may be more difficult to confirm until later, due
to liver immaturity (FIX) or stress response (FVIII). However,
haemophilia may be sporadic and in approximately one-third of
cases there is no family history. In such cases, haemophilia may
come to light in the neonatal period with cephalohaematoma
or other bleeding resulting from the trauma of birth. In cul-
tures where early circumcision is the rule, this will cause pro-
longed haemorrhage. Quite often, the diagnosis is delayed until
it is noticed that the infant has many large bruises from hand
pressure when being picked up or from minor knocks on the
cot. These sometimes cause diagnostic confusion and the erro-
neous label of ‘non-accidental injury’may be applied, with need-
less psychological trauma to the parents. Soon after the infant
starts to walk actively, joint bleeding begins to appear. In other
children, excessive bleeding from the eruption of primary den-
tition or from lacerations prompts performance of diagnostic
tests. The median age of diagnosis for severe haemophilia is 8
months. Levels of 0.01 or 0.02 IU/mL (moderate haemophilia)
may be sufficient to largely prevent spontaneous bleeding and
delay diagnosis until bleeding occurs after trauma or surgery.
Mild cases may only present in adulthood when severe trauma
or surgery provokes unusual bleeding.

Investigation of coagulation defects and
haemophilia

Investigation of a suspected inherited bleeding disorder usu-
ally begins with global screening tests of coagulation, which
although considerably removed from normal in vivo coagu-
lation mechanisms, remain extremely useful in detecting and
diagnosing coagulation disorders. The principal routine tests in
common use are the prothrombin time (PT) and the activated
partial thromboplastin time (APTT); also known as the partial
thromboplastin time with kaolin (PTTK) or the kaolin cephalin
clotting time (KCCT). These tests require the activity of all the
conventional procoagulant factors except FXIII; however, they

do not require the presence of platelets (they are performed
using platelet-poor plasma and exogenous phospholipid) and do
not activate the protein-C–protein-S system.

Prothrombin time
In the PT, coagulation is triggered using a thromboplastin,
i.e. tissue factor (TF) plus phospholipid; typically re-lipidated
recombinant humanTF or occasionally derived from animal tis-
sue (rabbit brain). The plasma is re-calcified and the clotting
time recorded. The PTwill be prolonged by deficiencies in FVII,
FX, FV, FII or fibrinogen. It is therefore normal in haemophilia.

Activated partial thromboplastin time
The APPT is triggered using a negatively charged surface (e.g.
kaolin, micronized silica or ellagic acid) to initiate contact acti-
vation followed by phospholipid (to mimic platelet membrane)
and calcium to allow the coagulation cascade to progress. It
is thought that activation of coagulation rarely proceeds by
this route in vivo and consequently deficiency of the con-
tact factors is not associated with any increased tendency to
bleeding. The APTT will be prolonged by deficiencies of FXII,
FXI, FIX, FVIII, FX, FV, FII, fibrinogen, prekallikrein and
high-molecular-weight kininogen. It is therefore prolonged in
haemophilias A and B.

Thrombin time
The thrombin time is performed simply by adding a dilute
preparation of thrombin to citrated platelet-poor plasma and
recording the clotting time. Prolongation of the thrombin time
therefore implies that there is either an inhibitor of throm-
bin present (most commonly the effect of heparin) or that
there is a problem with fibrin cleavage or polymerization. It
is extremely sensitive to the presence of unfractionated hep-
arin, but is also prolonged by low or abnormal fibrinogen and
hypoalbuminaemia. It is normal in haemophilia.

Inhibitors
The simplest interpretation of a prolonged test of coagulation is
that one or more of the factors required for its execution is defi-
cient in the patient’s plasma.However, an alternative explanation
is that an inhibitor of coagulation, usually an antibody, is present.
The presence of an inhibitor is typically demonstrated by mix-
ing normal and test plasma (with a prolonged clotting time) in
equal proportions. Correction of the prolonged clotting time by
the normal plasma indicates a coagulation factor deficiency and
failure to correct indicates the presence of an inhibitor. Themix-
ture may need to be incubated for 2 hours for inhibitors of FVIII
to manifest their effect.
When an inhibitor is detected, further tests are performed

to determine whether it has specificity for a particular clotting
factor or not. Non-specific inhibitors usually fall into the class
of antiphospholipid antibodies and are paradoxically associated
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with thrombosis rather than bleeding (see Chapter 45). In pre-
viously normal patients, specific inhibitors are most commonly
directed against FVIII, resulting in an ‘acquired’ haemophilia.
In patients with haemophilia they prevent the correction of the
factor deficiency by normal plasma.

Specific factor assays
When initial tests or clinical history suggests factor deficiency,
then specific factor assays are performed to determine which is
affected. This is most usually done by performing a bioassay in
which the ability of the test plasma to correct the defect in plasma
lacking a specific factor is measured. Bioassays have the advan-
tage of directly measuring the biological activity of the factor in
question, but because they also utilize other plasma components,
they are susceptible to numerous interferences and confound-
ing effects. This can be avoided in some cases by using artificial
small substrates (chromogenic substrates). This aids automation
and avoids interference, but often does not capture all aspects of
the molecule’s biological activity; for example, mutations in the
FIX GLA domain may be missed. Finally, the physical amount
of the factor present can be assessed immunologically. Immuno-
logical assays are accurate and precise, but do not give informa-
tion about the functional activity of themolecules that have been
measured.

FVIII assays
In most laboratories the FVIII assay is a modified APTT which
is often referred to as a ‘one-stage assay’ because the activation of
FVIII and coagulation are performed in a single step.However, it
is also possible to construct a ‘two-stage assay’ inwhich the FVIII
is activated in a first step and its activity measured in a second
separate step. Chromogenic FVIII assays also use a two-stage
procedure. The two assays normally give similar results, but the
distinction is important because some defective FVIIImolecules
give different results in the two assays. Most commonly in these
cases, the one-stage assay gives a higher result than the two-
stage, but the patient’s bleeding phenotype is more in keeping
with the latter (lower) result. Thus the assessment of the sever-
ity (and sometimes even the diagnosis) of the haemophilia can
be mistaken if the two assays are not carried out and com-
pared. This is referred to as ‘one-stage–two-stage discrepancy’.
The reverse phenomenon is also encountered, but is less com-
mon and appears to be infrequently associated with bleeding.
Factor concentrates may also give different results with the two
assays, which is important when monitoring therapy.

Laboratory diagnosis of haemophilia

Initial tests show a prolonged APTT, normal PT and thrombin
time (if performed) and a normal platelet count. This should
prompt specific factor assays of FVIII, FIX and FXI.When a low
FVIII result is encountered it should be ensured that this is not
the result of von Willebrand disease.

Treatment

Clotting factor concentrates
The discovery in the early 1960s that FVIII was concentrated in
cryoprecipitate and the subsequent development of lyophilized
concentrates, prepared from many thousands of donors, made
home treatment feasible and promised the prospect of a nor-
mal life for people with severe haemophilia. Similar concentrates
containing the vitamin-K-dependent factors were developed for
haemophilia B. However, use of such plasma-derived concen-
trates was associated with the transmission of hepatitis C virus
(HCV), hepatitis B virus (HBV) and HIV. Although these infec-
tions were present at only low frequency in the donor popula-
tion, concentrates were made from many thousands of dona-
tions and there was a very high risk that batches of concentrate
were infected, especially with HCV. Since 1985, viral eradication
methods have been rigorously applied (such as terminal dry-
heat treatment, solvent/detergent treatment, nanofiltration and
pasteurization) in conjunction with donor selection and plasma
pool screening and quarantining, reducing the risk of transmit-
ting these viruses to close to zero. However, there remains the
problem of transmission of non-lipid-coated viruses (such as
hepatitis A and parvovirus), which can survive solvent/detergent
sterilization and the possibility that new viruses will emerge.
For these reasons, products are required to undergo more than
one inactivation/removal process. The technique of nanofiltra-
tion has been used,which can prevent transmission of non-lipid-
coated viruses.
It has recently transpired that the prion protein responsible

for variant Creutzfeldt–Jakob disease (vCJD) may be transmit-
ted via pooled plasma concentrates, although only a single case
has been reported to date. With the ongoing concern about
prion transmission through blood and blood products, concen-
trates are no longer produced fromplasma collected in countries
with notable vCJD in the donor population. Consequently, the
plasma-derived clotting factor concentrates in use at present are
high-purity products with a high specific activity and excellent
safety.

Recombinant FVIII
The FVIII and FIX genes were cloned in 1984 and 1982, respec-
tively. This has allowed the manufacture of the recombinant
proteins in cell culture, which therefore eliminates the risk of
disease transmission from donors. Progressive refinements have
in many cases eliminated all additional animal protein from
the cell culture medium and any protein added as stabilizer in
the lyophilized product. Recombinant FVIII can be made either
from the wild-type ‘full-length’ cDNA or from cDNA that has
the large B domain deleted. The B domain has been shown to be
completely dispensable for the procoagulant function of FVIII
and its absence does not change the half-life of the molecule.
Subsequently, recombinant technology has allowed the

development of modified bioengineered FVIII and FIX
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Table 38.2 Indications and guidelines for factor replacement in haemophilia A and B.

Dose (units/kg body weight)

Site of haemorrhage Optimal factor level (%) FVIII FIX Duration (days)

Joint 30–50 20–30 30–50 1–2
Muscle 30–50 20–30 30–40 1–2
Gastrointestinal tract 40–60 30–40 40–60 7–10
Oral mucosa 30–50 20–30 30–40 Until healing
Epistaxis 30–50 20–30 40–60 Until healing
Haematuria 30–100 25–50 70–100 Until healing
Central nervous system 60–100 50 80–100 7–10
Retroperitoneal 50–100 30–50 60–100 7–10
Trauma or surgery 50–100 30–50 60–100 Until healing

Source: Escobar, 2003 [Haemophilia 2003; 9: 360–7]. Reproduced with permission fromWiley.

molecules with enhanced pharmacokinetics, by coupling them
to other molecules such as polyethylene glycol, albumin or the
immunoglobulin Fc fragment. Clinical studies have demon-
strated both safety and efficacy, with prolongation of plasma
half-life by a factor of 1.5 for FVIII and up to 5 for FIX.

Treatment of haemophilia
Since the development of replacement therapy, the goal of treat-
ment for haemophilia patients has been the prevention of haem-
orrhagic episodes and maintenance of a normal life. The sever-
ity and the frequency of haemarthrosis is directly related to
the degree of deficiency of the clotting factor, but the precise
plasma level needed to prevent development of arthropathy is
still unknown. Based on studies from haemophilia carriers and
patients with mild haemophilia, we can deduce that a level of
0.05-0.3 IU/mL is adequate to arrest minor bleeds, but inade-
quate for major surgery or trauma. At least 0.5 IU/mL sustained
throughout the healing period is needed for normalwound heal-
ing to occur.
After trauma or at the onset of bleeding, therapeutic infusion

of replacement factor should be administered as early as possible
and to a haemostatic level to stop or prevent haemorrhage. The
dosing of factor replacement is still based on theoretical calcu-
lations and clinical experience. Guidelines for the treatment of
haemorrhagic episodes in haemophilia are given in Table 38.2,
with the estimated likely effective level required for haemosta-
sis. If sufficient concentrate is available, it is feasible to restore
the FVIII level into the normal range and maintain it there by
continuous infusion or frequently repeated infusions.
Formulae based onplasma volume and expected recovery give

a rough guide to dosage required to achieve a given level, but
where the level is critical, as for surgery or when there is serious
bleeding, it should always be checked by assay after administra-
tion. On average, FVIII infusion produces a plasma increment of
0.02 IU/mL per unit infused per kilogram body weight and FIX

a rise of 0.01 IU/mL. From these observations, a simple formula
can be derived:

Dose to be infused (IU) = Weight (kg) × Desired rise (IU/mL)
× 100∕K

whereK is approximately 2 for FVIII concentrate and 0.8–1.0 for
FIX concentrate.
Estimating the duration of treatment required is a matter of

clinical judgement according to the individual circumstance.
Cover for surgery, other than very minor procedures, requires
maintenance of normal FVIII levels for at least 1 week, followed
by a period at reduced dosage during convalescence. This can be
achieved either by repeated bolus injections (every 8–12 hours
for FVIII and 12–24 for FIX), paying particular attention to
trough levels, which should not fall below 0.5 IU/mL, or by con-
tinuous infusion. The half-life of FVIII varies considerably and
may be particularly short in children, requiring more frequent
dosing. It should also be noted that the doses required during
the immediate peri- and postoperative period may be consider-
ably more than expected.

Prophylaxis
There is a long tradition of giving prophylaxis to young boys
with haemophilia; prophylaxis was developed as early as 1958
in Malmö, Sweden. The rationale for the prophylactic model
was the observation that chronic arthropathy was seen less fre-
quently and less severely in individuals with a factor level of
0.01–0.04 IU/mL.
Today prophylaxis is regarded as the standard of care for all

boys with severe haemophilia. Regular prophylactic treatment
is often begun at around the age of 1 year, before the onset of
joint bleeds; so-called primary prophylaxis. Ideally, FVIII is
administered every second day at a dose of 25–40 units/kg. FIX
can usually be given every third day. The goal is to adjust the
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Figure 38.2 Orthopaedic joint scores for patients intensively
treated in the present. A group of 15-year-old boys compared with
a less intensively treated group at different ages and with patients
not receiving prophylaxis (historical control subjects). (Source:
United Kingdom Haemophilia Centre Doctors’ Organisation, 2003
[Haemophilia 2003; 9: 1–23]. Reproduced with permission of
Wiley.)

dose and frequency to maintain a trough level of at least 0.01
IU/mL and to prevent all bleeds. The optimum trough level
is not established, but evidence from trials indicates that the
risk of bleeding rises as the length of time spent with FVIII
levels below 0.01 IU/mL increases. There is good historic
evidence that the Malmö model is effective in preventing
haemophilic arthropathy. For the youngest cohort of boys born
in 1981–90, who began prophylaxis between 1 and 2 years of
age with 4000–9000 units/kg annually, both the orthopaedic
and radiological scores were zero (Figure 38.2). More recently, a
large randomized study comparing prophylaxis with enhanced
on-demand therapy showed that after 6 years of therapy, 93%
of those on primary prophylaxis had a normal joint score
on magnetic resonance imaging (MRI) compared with only
55% on intensive on-demand regimens. The current goal of
prophylaxis is to achieve an annualized bleeding rate of as close
to zero as possible. Indeed most bleeds seen in individuals on
prophylaxis nowadays are secondary to trauma rather than
arising spontaneously.
Use of the peripheral vein is the preferred means of delivering

prophylaxis. However, if this is not possible then the implan-
tation of an indwelling venous access device (e.g. Port-a-Cath)
may be necessary. Another alternative is the fashioning of a small
arteriovenous fistula in the arm.
In older patients who have established joint disease or have

had previous joint bleeds, prophylaxis is also effective in reduc-
ing bleeding episodes and/or slowing progression of joint dis-
ease. This ‘secondary’ prophylaxis may be used continuously or
for a limited period to allow the synovial hypertrophy in a target

joint to regress, or be targeted to periods when bleeding is more
likely (such as a particular activity).

Tranexamic acid
A significant component of the bleeding tendency in
haemophilia is the increased susceptibility of the clot to
fibrinolysis. Tranexamic acid is a lysine analogue that competes
with fibrin for binding to the kringle domains of plasminogen,
thus preventing its binding to fibrin and inhibiting fibrinolysis.
This anti-fibrinolytic effect makes tranexamic acid a useful
adjunctive therapy in haemophilia, especially for bleeding at
sites of increased fibrinolytic activity such as the oral mucosa.
It can be given orally or intravenously, ideally beginning before
surgery, at a dose of 1 g tds (20 mg/kg/day for children, in
divided doses). For oral bleeding a mouthwash can be prepared
(5% w/v) which is also useful.

Desmopressin
Desmopressin (1-deamino-8-D-arginine vasopressin) can be
used to treat mild haemophilia A and provides a non-plasma
alternative to concentrates. It has no effect on FIX deficiency. It
acts via the V2 receptors on endothelial cells to stimulate exo-
cytosis of Weibel–Palade bodies, which contain VWF and, in
some tissues, also FVIII. In practice, this effect can be used to
elevate the plasma FVIII level two- to fourfold above baseline.
Desmopressin is a synthetic analogue of vasopressin and retains
the antidiuretic action of the natural hormone, but not its vaso-
pressor activity. Patients are advised to restrict their fluid intake
after desmopressin. This is especially important in young chil-
dren in whom unrestricted fluid intake may result in hypona-
traemia and convulsions. Desmopressin is contraindicated in
elderly patients and those with vascular disease, because arterial
thrombosis has been reported following desmopressin in these
circumstances.
Desmopressin can correct the haemostatic defect in mild

haemophilia A sufficiently to cover minor surgery or treat a
minor bleeding episode. A typical regimen would be to give
0.3 μg/kg body weight either by slow intravenous infusion over
20min or by subcutaneous injection.Desmopressin also releases
tissue plasminogen activator and so tranexamic acid is fre-
quently given as well. A high-concentration nasal spray is also
available that delivers 150μg per actuation. The effect ismaximal
at 30 min after an intravenous dose and 1 hour following a sub-
cutaneous or intranasal dose. The half-life of the endogenously
released FVIII is about 8 hours, butmay be shorter in some cases
and the fall-off should be documented. The dose can be repeated
and although tachyphylaxis occurs such that the second dose
may produce a rise only 30% of the first, there is often no further
drop with succeeding doses. If repeated doses are given over a
short interval (e.g. 48–72 hours), the FVIII response to desmo-
pressin injection should be assayed to ensure that the reserves
are not exhausted.
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Complications of therapy

Inhibitors
Antibodies to FVIII (inhibitors) are most common in patients
with severe haemophilia A and are most likely to develop dur-
ing childhood within the first 25 exposures to FVIII; after which
they are infrequent, but do rarely develop after years of exposure,
typically after periods of intensive FVIII treatment. In severe
haemophilia A, inhibitors are detected in around 25–30% of
patients at some stage in their treatment.However,many of these
are low-level transient inhibitors that are not a long-term prob-
lem. The cumulative incidence of high-responding inhibitors is
in the region of 10–15%. The likelihood of an individual devel-
oping an inhibitor is strongly dependent on underlying FVIII
mutation. Patients with large deletions or stop codons in the
light chain appear to be particularly prone to inhibitor develop-
ment. Approximately 25% of patients with the common intron-
22 inversion develop inhibitors.
Inhibitors in moderate and mild haemophilia are far less

common. However, some missense mutations causing milder
haemophilia, particularly those in the light chain, are strongly
associated with inhibitor development. Typically, such patients
develop inhibitors when FVIII is administered in large amounts
(e.g. severe bleeds) or in association with inflammatory stimuli
(e.g. surgery). Because the development of inhibitors is unpre-
dictable, it is important to test for their emergence at clinic vis-
its and before and after operations in all patients that have been
exposed to FVIII concentrates.
Antibodies to FVIII frequently have a time-dependent com-

ponent in their action and an incubation time of 2–4 hours
is required to reliably measure the full effect of the antibody.
Inhibitors usually inactivate FVIII in a predictable linearmanner
(type 1 kinetics), but they may have complex equilibria and not
inactivate all available FVIII (type 2 kinetics).Type 2 kinetics are
seen particularly inmild tomoderate and acquired haemophilia.
Inhibitors are most commonly measured using the Bethesda
assay where 1 Bethesda unit (BU) is the amount of antibody
that reduces the FVIII activity in pooled normal plasma by 50%
after 2 hours, incubation. Some inhibitors are ‘low-responding’
and remain at a low or moderate level (<5–10 BU) after fur-
ther FVIII exposure, whereas in high responders, treatment with
FVIII elicits a sharp anamnestic rise after 5–8 days and inhibitor
levels may reach hundreds or thousands of BU. Low responders
can be treated repeatedly with high doses of FVIII concentrate.
However, high responders are refractory to treatment with FVIII
concentrate and therefore alternative therapies are required.
Inhibitors in haemophilia B are much less common than

in haemophilia A. Only about 2–3% of patients with severe
haemophilia B will develop inhibitors, but interestingly many
of these inhibitors present with anaphylaxis to infusions of FIX
concentrate sometimes after only one or two exposures. Unlike
FVIII inhibitors, FIX inhibitors are not time dependent, but
can be similarly quantitated by a modified Bethesda assay. The

majority of patients who develop inhibitors have large gene
deletions or nonsense mutations occurring in the first 20% of
the FIX gene. Acute management of bleeding can be achieved
with recombinant FVIIa (as with haemophilia A).

Inhibitors: treatment of bleeding
At present the most common approach to achieving haemosta-
sis in patients with inhibitors is to use a ‘bypassing agent’ that
promotes thrombin generationwithout depending on the intrin-
sic tenase. The currently available bypassing agents are human
recombinant FVII (FVIIa) and a plasma-derived prothrombin
complex concentrate that contains activated coagulation fac-
tors (factor eight inhibitor bypassing activity, or FEIBA). Acti-
vated FVII is an inefficient enzyme when not complexed with
TF and does not therefore produce systemic activation of coag-
ulation when infused. Its mechanism of action in haemophilia
has been the subject of much debate. It seems most likely that
FVIIa binds to the surface of activated platelets at the site of
injury and promotes FXa formation there. Recent evidence sug-
gests that platelets may be able to synthesize TF or at least
acquire it from circulating microparticles. High concentrations
(30–90 nmol/L) of FVIIa are required to generate sufficient FXa
and FIIa to achieve haemostasis. The advantages of recombinant
FVIIa include viral safety, low systemic activation of coagula-
tion, effectiveness independent of inhibitor titre and an excellent
overall safety profile, allowing home use and ease of adminis-
tration. The main disadvantage is the short 2-hour half-life and
therefore the need for frequent administration at standard dose
(90 μg/kg), although this may be partially overcome by using a
270 μg/kg dose for mild to moderate bleeds.
Both native and activated prothrombin complex concentrates

appear to be able to bypass the need for FVIII and have a role
in the treatment of patients with FVIII antibodies. Their effi-
cacy appears to derive from a combination of activated clot-
ting factors and the elevation of prothrombin concentration,
which is a major determinant of thrombin generation. The acti-
vated prothrombin complex concentrates contain more of the
FVIII bypassing activity and are designed specifically for use in
patients with FVIII inhibitors. Activated prothrombin complex
concentrates (e.g. FEIBA) have proved efficacious in controlling
bleeding inmany situations, but are of plasma origin and contain
some FVIII, which may cause an anamnestic rise in inhibitor
titre. On the other hand, the longer dosage interval (given once
or twice daily) makes it simpler to use and suitable for pro-
phylactic use. A major problem with both bypassing agents is
that there is no reliable laboratory measure of their haemostatic
effect.
Anumber of new agents for achieving haemostasis in the pres-

ence of coagulation inhibitors are under development. Porcine
FVIII functions well in human plasma, but is frequently neutral-
ized less efficiently by human anti-FVIII antibodies: a recombi-
nant porcine FVIII has been developed and appears effective in
clinical trials. Modified FVII molecules with improved activity,
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inhibitors of TFPI and a bispecific antibody mimicking FVIII’s
ability to bind FIXa and FX are also in development.

Treatment of inhibitors: immune tolerance
Bypassing agents are considerably less effective than factor
replacement at achieving haemostasis and cannot yet provide
reliable prophylaxis. It is therefore highly desirable to eliminate
a FVIII or FIX inhibitor, a process referred to as immune toler-
ance induction (ITI). Basic ITI regimens involve the continued
administration of FVIII, and both low-dose (50 units/kg three
times per week or alternate days) and high-dose (100 units/kg
twice daily) regimens have been used. Neither regimen has been
conclusively shown to be superior, but the response is more
rapid and bleeding events fewer with the high-dose regimen.
Both may need to be continued for 12 months or more. Overall,
the success rate is approximately 70%, after which prophylaxis
must be maintained to prevent re-emergence of the antibody.
The success is greatest in those with a historic peak titre below
200 BU, when treatment is begun after allowing the inhibitor to
fall to below 10 BU and where there are no interruptions to the
ITI regime. For resistant cases, second-line approaches include
the use of a FVIII concentrate containing VWF, combination
with anti-CD20, or corticosteroids, alkylating agents, plasma-
pheresis and immunoglobulin (Malmö regimen). Success is
defined as normalization of the FVIII recovery and a FVIII
half-life greater than 7 hours.
Immune tolerance for FIX inhibitors is generally less success-

ful and is sometimes precluded by anaphylactic responses or
complicated by the development of nephrotic syndrome.

The aging haemophilia population
Although HIV and HCV remain significant complications of
therapy, improvements in both haemophilia care and antiviral
treatments have resulted in significant increases in median life
expectancy for individuals with haemophilia over recent years.
Increasing numbers of patients are living beyond 65 years of age.
The classic complications of haemophilia, including intracra-
nial haemorrhage, joint disease, and inhibitor development all
increase with increasing age, as well as hepatic complications
from HCV and HIV/HCV coinfection. In addition, the older
patients face the same medical conditions associated with age-
ing in the general population, such as cardiovascular disease
and cancer. Care can become very complex, such as use of
antithrombotic therapy for cardiovascular disease in a patient
with an inherited bleeding disorder.Multidisciplinary and cross-
specialty coordination is key to successful management.

Molecular genetics of haemophilia A

The FVIII gene (Figure 38.3) spans 190 kb of the X chromo-
some. The protein-coding regions (exons) are separated by 25
introns, some of very large size (e.g. intron 22 is over 35 kb).
FVIII is synthesized in endothelial cells, including those within

the liver and spleen, which creates the desmopressin-releasable
pool. The amino acid sequence contains a triplicated region
(A1, A2, A3 in Figure 38.3), whose elements are more than 30%
homologous with each other. A second duplicated homology
region (C1, C2) is responsible for the phospholipid-binding
properties of the molecule. The third type of sequence in the
protein is the heavily glycosylated B domain, which is coded
entirely within exon 14, connects A2 and A3, and is removed
on thrombin activation of FVIII.
The processed mRNA specifies a protein of 2351 amino

acids, from which a 19-amino-acid N-terminal leader sequence
is cleaved on secretion. The mature plasma protein initially
consists of a single chain of 2332 amino acids, but as a result of
proteolysis circulates as a series of light-chain and heavy-chain
heterodimers with B domains of varying length.
The vast majority (>90%) of FVIII circulates in complex with

VWF, in the absence of which its half-life is extremely short.
Studies of FVIII have identified the a3 (1648–1689), C1 and C2
domains as important for VWF binding, but it is uncertain how
many of these interact directly with VWF because in isolation
the recombinant fragments have a much lower affinity. After
thrombin activation, the cofactor consists of a heterotrimer: the
N-terminal heavy chain corresponding to region A1 and the A2
domain isolated by cleavages at 372/373 and 740/741, which is
held by a divalent cation-dependent linkage to the C-terminal
light chain corresponding to part of A3 plus C1 and C2 (see Fig-
ure 38.3). The B domain is discarded by cleavages at 740/741 and
1689/1690. Thrombin cleavage also results in release of FVIII
from VWF.
Protein C inactivates FVIIIa by cleavage at 336/337 and

562/563 but in vivo inactivation of FVIIIa is mostly due to spon-
taneous dissociation of the heterotrimer. The crystal structure
of FVIII has recently been reported and several of the interac-
tions mapped including the FIX-binding site on the A2 and A3
domains. The C domains appear to be responsible for phospho-
lipid binding.
Thanks to the development of rapid sequencing methods, the

mutations in nearly all patients with haemophilia A can be iden-
tified (Table 38.3). Consequently, a large database of mutations
has accumulated and is maintained at http://www.factorviii-
db.org. These include large deletions and missense mutations,
as well as nonsense, frameshift, splicing (affecting mRNA pro-
cessing) and insertional mutations. Surprisingly, about half of
all severe haemophilia A is due to a major inversion (Fig-
ure 38.4) that occurs quite frequently during male gametogene-
sis (approximately 1 in 10,000 spermatozoa).

Molecular genetics of haemophilia B

The FIX gene lies telomeric to the FVIII gene on the X chromo-
some at Xq27.1 and is considerably smaller, extending for only
34 kb in length. It comprises eight exons producing a 2.8-kb tran-
script mRNA encoding the protein of 461 amino acids. FIX is
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Figure 38.3 The FVIII gene and protein. Top line, scale for gene in
kilobase pairs of DNA; second line, location of exons
(protein-coding segments) of the FVIII gene shown as solid bars;
second to third line, corresponding domains of FVIII gene and
protein; fourth line, plasma FVIII is heterogeneous due to cleavage
at various points within the B domain during synthesis and
secretion, yielding heterodimers in which the heavy chain

(N-terminal segment) varies from 740 to 1648 amino acids in
length; fifth line, thrombin activation releases the a3 segment from
the light chain, the B domain from the heavy chain and cleaves
between the A1 and A2 domains; bottom line, inactivation of factor
VIIIa by activated protein C is accompanied by cleavages at 336,
releasing the a1 domain and 562 in the middle of the A2 domain.

synthesized in the liver and has a domain structure similar to
the other serine proteases of the coagulation cascade, compris-
ing a signal peptide, a GLA domain, two EGF domains and a ser-
ine protease domain. The single-chain zymogen can be activated
by both FXIa and the TF-VIIa complex; in both cases cleavages
after Arg 191 and Arg 226 release an activation peptide creating
a disulfide-linked two-chain active enzyme. The mutation spec-
trum responsible for haemophilia B is quite different from that
responsible for haemophilia A, primarily because there is no sin-
gle mutation corresponding to the intron 22 inversion. Instead
the majority of mutations responsible for severe haemophilia B
are missense mutations rather than nonsense mutations, as for
haemophilia A (http://www.factorix.org/). This may account for
any difference in phenotype, but again it is large deletions that
are associated with the highest risk of inhibitor formation. The
normal plasma concentration of FIX (∼90 nM) is much higher
than that of FVIII (∼0.4 nM).

Gene therapy for haemophilia

Haemophilia is an excellent model for gene therapy because the
clinical manifestation is the result of a deficiency of the single
gene product and only a small amount of protein is required to
ameliorate symptoms. Recently, using modified serotypes and
engineered self-complementary adenoassociated virus, Phase I
studies have achieved prolonged (>2 years) expression of FIX
(0.01–0.06 u/mL) with clear therapeutic benefit in some sub-
jects. A few patients required transient immunosuppression due
to an immune response to the vector. Further AAV-mediated
gene transfer trials in haemophilia B are currently being under-
taken, aiming to express the factor IX gene from the liver.
Althoughmuchmore successful than previous approaches, chal-
lenges remain that require resolution, including humoral and
cellular immunity to the AAV and naturally occurring vector-
neutralizing antibodies.
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Table 38.3 Mutations responsible for haemophilia A.

Mutation type

No. of
mutations
observed Percentage

Intron 22 inversion
Distal 260 30.7
Proximal 37 4.4
Rare 5 0.6
Total 302 35.7

Intron 1 inversion
Total 8 1.0

Point mutations
Missense 323 38.2
Nonsense 79 9.3
Total 402 47.5

Small deletions or insertions
Small deletions 63 7.5
Small insertions 22 2.6
Combination of insertions
and deletions

1 0.1

Total 86 10.2

Large deletions (>50 bp)
Total 25 3.0

Splice-site mutations
Intronic 20 2.4
Cryptic 2 0.2
Total 22 2.6

Source: Graw et al., 2005 [Nature Reviews Genetics 2005; 6: 488–501].
Reproduced with permission from Nature Publishing.

FVIII remains a significant challenge due to the large size
of the FVIII gene and associated problems accommodating
the larger FVIII cDNA, achieving adequate levels of transgene
expression and continuing concerns regarding the prevention or
risks of FVIII inhibitor development, which is much more com-
mon than in FIXdeficiency. ImprovedFVIII expression cassettes
have been developed to attempt to address the scientific chal-
lenges posed by FVIII.
Although there is currently much focus on AAV-based

approaches, following the success of the FIX programme, alter-
native approaches, such as HSC transduction, and vectors, such
as lentivirus, remain in development.

Haemophilia A and B in females

True homozygous haemophilia A is rare and even rarer for
haemophilia B, but well described, being due to the marriage
of a carrier to an affected male. Severe menstrual haemorrhage
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Figure 38.4 How the tip flips: the mechanism of inversion through
intron 22. The mutation is responsible for up to half of all cases of
severe haemophilia A. During spermatogenesis, at meiosis the
single X pairs with the Y chromosome in the homologous regions,
but there is nothing to pair with most of the long arm of X.
Unfortunately, the possibility of intrachromosomal pairing and
crossover exists because there are three copies of a gene designated
F8A, one lying within intron 22 and two in the opposite
orientation situated 400 kb telomeric to the FVIII gene. Cross-over
with either the distal or the proximal F8A copy divides the FVIII
gene in two, such that separately transcribed mRNAs are
produced, neither of which encodes functional FVIII.

occurs, but responds to replacement therapy. Haemophilia A
and B have been described in females with Turner syndrome.
X-chromosome inactivation allows only one FVIII/FIX gene

to function in each female cell. Because the process is random,
carriers of haemophilia A or B have, on average, 50%of themean
normal level of the clotting factor, but skewing of the inactiva-
tion towards the X chromosome containing the abnormal or the
normal FVIII/FIX gene may occur, resulting in a clotting factor
level that is either well within the normal range or low enough
to produce a mild, or even moderate, haemophilia phenotype. It
is important to note that while a low level of FVIII/FIX strongly
implies carriership, a normal FVIII/FIX level does not exclude it.
As a result of de novo mutation, especially the FVIII intron

22 inversion in spermatogenesis, new cases may present with no
family history of haemophilia. In such women, careful inves-
tigation is essential to ensure the correct diagnosis is made –
haemophilia A carrier, VWD type 1 or VWD type 2N (see
below) – due to the reproductive implications. Molecular analy-
sis is often required to clarify.
Current techniques make definitive diagnosis by identifica-

tion of the causative mutation in patients and carriers straight-
forward in the vast majority of cases. In identified carriers,
antenatal diagnosis can be carried out when pregnant, and
although typically only offered in cases of severe haemophilia
it can now be performed on free fetal DNA in maternal blood,
which may widen its practice. Alternatives include molecu-
lar analysis of chorionic villus biopsy at 11–12 weeks’ gesta-
tion and third trimester amniocentesis. Preimplantation genetic
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diagnosis (PIGD) with selection of unaffected embryos for re-
implantation has been successfully carried out for haemophilia.

General organization of haemophilia care

As these are relatively uncommon disorders, with effects on
patients and families at all stages of life, who require care and
support services across the whole field of medicine and social
services, it is now accepted that this is best delivered com-
prehensively by specialized centres. The staff of a major com-
prehensive care centre will include physicians, nurses, social
workers, laboratory scientists and physiotherapists, devoting all
or a substantial part of their time to haemophilia care. An
orthopaedic surgeon or musculoskeletal rheumatologist pre-
pared to see haemophilic patients regularly in a clinic set aside
for their problems is a valuable addition to this team. Access
to specialized care for monitoring patients with HIV and HCV
infection is still important.
Within the NHS, a service specification has been developed

to support and set out the provision of haemophilia services.
It is recognized that not every centre can provide every facil-
ity and that there should be a wide distribution according to
population density. The functions of a centre are to provide 24-
hour emergency treatment for haemophilic patients and their
families and a full range of diagnostic tests for identifying new
patients and monitoring treatment. Full records should be kept
of all treatments, whether given in hospital or as home ther-
apy and progress monitored through regular follow-up. Paedi-
atric centres are best located within paediatric units. Genetic
counselling, including carrier detection and antenatal diagno-
sis, must be available for families of patients with haemophilia.
All patients should have direct or indirect access to a large cen-
tre providing all these facilities and treating a large number of
patients. On diagnosis, all patients are issuedwith a special med-
ical card indicating laboratory test results, inhibitor status, main
centre and local centre for treatment. Caring for haemophilic
patients and their families is demanding, but rewarding. Despite

the setbacks in the 1980s due to virus transmission, the trend
continues to be an ever-improving life expectancy and social
participation, based on continuing medical progress and mul-
tiprofessional input. The younger generation of haemophiliacs
is now treated with virus-safe or recombinant concentrates and
has escaped both HIV and liver disease, and can lead virtually
normal lives.

Acquired haemophilia

This chapter is devoted to the inherited form of haemophilia
arising from mutations in the FVIII and FIX genes, but
haemophilia can also arise as a result of autoantibodies that
neutralize FVIII cofactor activity. This is covered in Chapter 40,
p. 758.

von Willebrand disease

Although described in 1926, our understanding of this complex
and variable bleeding disorder remains far from complete. The
basic defect common to all variants is a deficiency of one or
more aspects of VWF functional activity. The abnormality may
be quantitative and/or qualitative.

von Willebrand factor (VWF)

VWF is a large plasma glycoprotein encoded by a gene
on chromosome 12p13, which was cloned simultaneously by
several groups in 1986. The prepro-VWF primary transla-
tion product comprises a 22-amino-acid signal peptide, a 741-
amino-acid propeptide and the 2050-amino-acid mature sub-
unit. After a recent structural review, the pro-VWF monomer
is now described as comprising three types of domains (A,C,D)
arranged as follows: NH2–D1–D2–D′–D3–A1–A2–A3–D4–
C1–C2—C3-C4-C5-C6-CK–COOH (Figure 38.5). VWF is pro-
duced predominantly in vascular endothelial cells and also in

SP D4 C1 2 3 4 5 6 CKD1         D2          D’          D3          A1      A2      A3       

FVIII
Heparin

GPIIb/IIIa

Multimer Dimer

GPIb
Heparin
Collagen

Collagen

Furin ADAMTS13

2A
2M
2B 2M(C)2A 2A2NFigure 38.5 The domain structure of the

primary VWF translation product. The
SP-D1D2D’D3A1A2A3D4C1-C6CK domain
structure is shown with the binding properties
of the domains indicated below. The
corresponding VWD types associated with
mutations in the various domains are shown
above the domains. Cleavage by Furin removes
the propeptide before or soon after secretion.
The ADAMTS13 cleavage site in the A2
domain is also shown. SP, signal peptide, CK,
cysteine knot. 2M(C) indicates a type 2M
pattern caused by defective collagen binding.
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megakaryocytes, although plasma VWF derives entirely from
endothelial cell production. After translation, the monomer
enters the endoplasmic reticulum and the signal peptide is
removed. The monomers then dimerize via the C-terminal cys-
teine knot domain before leaving the endoplasmic reticulum for
the Golgi, where the dimers are joined via their N-termini to
form a series of multimers with molecular masses ranging from
1000 to 20,000 kDa. During this process the molecule is exten-
sively glycosylated with N- and O-linked glycans that form 20%
of its final molecular weight. Importantly, approximately 13% of
the N-linked glycans terminate in an ABO blood-group antigen.
In endothelial cells, multimerized VWF is then transferred into
Weibel–Palade bodies, some of which pass directly to the cell
surface to release their contents (constitutive pathway), while
others remain in the cell for release in response to inflammatory
stimuli (regulated pathway). Platelet VWF does not contribute
significantly to plasma VWF and is stored in the α-granules of
platelets prior to release upon platelet activation. During syn-
thesis, the VWF propeptide, which is essential for multimer-
ization, is cleaved from the mature molecule, stored with VWF
in the Weibel–Palade bodies and released with it into plasma,
but is not known to have any further function thereafter. Some
VWF is also secreted ablumenally from the base of the endothe-
lial cell where it binds directly to collagen in the subendothelial
matrix.
Rapid release of VWF from the endothelial Weibel–Palade

storage granules via the regulated pathway can be induced
by a number of agonists including thrombin, adrenaline, his-
tamine and vasopressin. This can be used to advantage by
using desmopressin to treat mild forms of VWD. Elevation of
plasma VWF due to increased synthesis and secretion occurs
as part of the acute-phase response to injury, inflammation,
infection and neoplasia, and also in pregnancy and hyperthy-
roidism. The confounding effects of stress and inflammation
need to be taken into account when measuring VWF levels for
diagnosis.
The two principal functions of VWF are: (i) binding to

matrix molecules, particularly collagen, at sites of vascular
injury and subsequent capture of platelets to form the primary
haemostatic plug and (ii) the stabilization of FVIII in the
circulation. The adhesive function of FVIII requires functional
binding sites for collagen and the platelet glycoproteins GPIb
and GPIIb/IIIa (also known as integrin αIIbβ3) and is also
dependent on the presence of large VWF multimers. The VWF
released from endothelial cells into plasma is in the form of
ultra-large multimers, which are subsequently cleaved into
smaller forms by the action of the plasma metalloprotease
ADAMTS-13. This is of critical importance because it is
the high-molecular-weight multimers that have the greatest
collagen- and platelet-binding activity: absent cleavage results
in formation of platelet microthrombi and vascular occlusion
(in thrombotic thrombocytopenic purpura; TTP) and excessive
cleavage results in increased bleeding (type 2A VWD).

FVIII and VWF (Figure 38.6) circulate together as a complex
in which VWF protects FVIII from degradation, so that a
deficiency in VWF or a reduction in its ability to bind FVIII
may also result in a low plasma level of FVIII. Therefore,
deficiency of VWF can give rise to a dual haemostatic defect:
reduced plasma levels of FVIII (due to its shorter half-life in the
absence of VWF) and a defect in primary haemostasis because
of the failure in assisting platelets to adhere to the cut edges of
small blood vessels. Clearly, the multistep synthesis, assembly
and secretion of VWF and its multiple binding interactions
provide many ways in which mutations of the VWF gene can
lead to loss of function. In particular, the multimeric structure
is susceptible to dominant-negative effects of mutant alleles.
The diagnosis of VWD is based on the recognition that for
normal VWF function it must: (i) be present in adequate
amounts, (ii) have a normal multimeric structure, and (iii) have
intact functional domains (binding sites). When any of these
properties is only slightly reduced, the presence or absence of a
bleeding tendency may also depend on the quality and quantity
of the other haemostatic components, particularly platelets and
collagen, with which VWF must interact.

Clinical features

The clinical features of VWD vary according to the severity of
the deficiency. The most common clinical picture is of a mild to
moderately severe bleeding tendency, characterized by bruising,
epistaxis, prolonged bleeding from minor cuts, menorrhagia
and excessive, but not often life-threatening, bleeding after
trauma or surgery. Patients often present for investigation
in the second or third decade after prolonged bleeding from
dental extraction or surgery has aroused clinical suspicion.
Menorrhagia, unexplained by local or hormonal factors, can
also be the presenting symptom: an estimated 20% of women
with menorrhagia have VWD. The distribution of bleeding in
VWD can be explained on the basis that VWF is required for
platelet adhesion at high shear rate, which is the condition of
flow found in the smallest blood vessels exposed to trauma in
skin and mucous membranes. Much less common is autosomal
recessive (type 3) VWD, where VWF is completely absent and
FVIII:C levels are usually around 0.01 or 0.02 IU/mL. These
patients have a bleeding tendency that also has features of severe
haemophilia A, with haemarthroses, muscle bleeds and life-
threatening haemorrhage after trauma, as well as a propensity to
small-vessel bleeding, which is not a feature of haemophilia A.
Mild bleeding symptoms of the type typical of VWD are

very common in the general population and thus have a low
specificity for the presence of a bleeding disorder. It is now
recommended that a bleeding score based upon bleeding
history and calculated using a questionnaire is used to assess
the likelihood of a significant defect in haemostasis and that
the result is borne in mind when interpreting the results of
laboratory investigations.
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Figure 38.6 Assembly of FVIII–VWF complex. FVIII synthesized
by hepatocytes as a single chain is partially proteolysed and
(possibly) complexed with VWF prior to release. VWF is
synthesized as a single-chain precursor, which dimerizes with

disulfide bond formation, then multimerizes with further disulfide
exchange, with concomitant loss of a large propeptide segment.
The propeptide is essential for multimer formation and probably
functions as an acidic disulfide isomerase.

Laboratory diagnosis

Preliminary diagnosis
After obtaining a suggestive personal history and/or a family his-
tory, the laboratory diagnosis of VWD rests on assessing both
the amount of VWFpresent (VWF:Ag) and its functional capac-
ity. At present, it is generally possible to assess three important
functions:
1 FVIII binding (VWF:FVIIIB).Assessed first by a FVIII assay
and then if this is reduced, by an assay of VWF FVIII-binding
capacity using a modified ELISA-based technique.
2 Platelet-dependent function (VWF:RCo). The standard
assessment of VWF adhesive functional activity remains the ris-
tocetin cofactor assay, in which dilutions of patient plasma are
tested for their ability to promote platelet agglutination in the
presence of the antibiotic ristocetin. Automated versions are now
available using latex beads.
3 Collagen-binding function (VWF:CB). This is performed in
an ELISA-based assay in which a well coated with collagen is
used to capture VWF.
Measures of VWF:RCo and VWF:CB are both sensitive to the

loss of high-molecular-weight multimers, but measure different

binding properties of VWF. Thus they should be seen as com-
plementary rather than alternative assays.

Secondary tests for classification of VWD
If a deficiency suggestive of VWD is detected then further tests,
particularly multimer analysis and ristocetin-induced platelet
aggregation (RIPA) should be performed to allow accurate clas-
sification (Figure 38.7, Table 38.4). The classification of VWD
has been examined many times and extensive guidelines are
available, detailed in the bibliography. What follows is necessar-
ily a limited summary of much work.
Type 1 VWD is defined as a simple quantitative deficiency

of VWF, and the VWF present should be functionally normal
with a normalmultimeric pattern. In practice it is acceptable that
the ratio of function to antigen (VWF:RCo/VWF:Ag) should be
>0.6 and there should be no significant loss of high-molecular-
weight multimers, although on close inspection some subtle
abnormalities of multimer pattern may be discerned.
The characteristic of the 2A, 2B and 2M variants is a

functional deficiency of VWF activity, which is reduced to
below 0.6 of the antigenic measure. In type 2A, this results
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Figure 38.7 Multimer analysis of VWF
from patients with VWD and normal
control subjects. Note that many cases
classified at present as type 2A were
previously subdivided according to the
details of the abnormality of triplet
pattern.
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Table 38.4 Classification of von Willebrand disease.

Type Description Comments Inheritance

1 Partial quantitative deficiency of VWF Includes VWF mutations causing
rapid VWF clearance (e.g. VWF
Vicenza) and requires
function:antigen ratio >0.6

Mostly autosomal dominant inheritance
when VWF <0.3 IU/mL. Mutations
of VWF in kindred with levels
>0.3 IU/mL show variable penetrance

2 Qualitative VWF defects
2A Decreased VWF-dependent platelet

adhesion with selective deficiency of
high-molecular-weight multimers

Some controversy exists regarding
classification of VWF mutations
associated with subtle reductions in
HMWmultimers

Mostly autosomal dominant

2B Increased affinity for platelet GPIb Should be distinguished from platelet
type pseudo-VWD (PT-VWD),
using either platelet agglutination
tests or genetic testing. Cases with
normal VWF multimer and platelet
count have been described

Autosomal dominant

2M Decreased VWF-dependent platelet
adhesion without selective
deficiency of HMWmultimers

This also includes defects of VWF
collagen binding. May be combined
quantitative/qualitative defect

Autosomal dominant

2N Markedly decreased binding affinity
for FVIII

Should be distinguished from mild
haemophilia A

Reduced VWF:FVIII binding defects
are more commonly identified in a
compound heterozygote state with a
VWF null allele rather than the
classical homozygous form

3 Virtually complete deficiency of VWF Equivalent to <0.03 iu/mL in most
assays

Autosomal recessive, frequent null VWF
alleles. Bleeding symptoms in 26-48%
of obligate carriers

Source: Laffan et al., 2014 [Br. J. Haematol. 2014 167(4):453–65.] Reproduced with permission of Wiley.

from a lack of high- and intermediate-size VWF multi-
mers, whereas in type 2M a similar loss of platelet-binding
activity is seen despite the presence of normal VWF multi-
meric composition and is caused by mutations in the VWF
GPIb-binding site. Loss of high-molecular-weight multimers
in type 2A may arise from failures of intracellular process-
ing or from accelerated proteolysis in the circulation due
to mutations close to the ADAMTS-13 cleavage site. VWD
due to an isolated collagen-binding defect without loss of
high-molecular-weight multimers is rare, although a number
of cases have been reported. The associated bleeding disorder
is mild, perhaps because VWF contains two collagen-binding
sites. If multimer analysis is not available, then the loss of high-
molecular-weightmultimers can be inferred from a drop in both
VWF:RCo/VWF:Ag and VWF:CB/VWF:Ag ratios.
In type 2B, VWFbinds prematurely with platelets in the circu-

lation. In vivo this results in the loss of high-molecular-weight
multimers and platelets from the circulation due to formation of
platelet aggregates and to increased cleavage of platelet-bound
VWF by ADAMTS-13. The abnormality is detected in the

laboratory by agglutination of platelets at a low concentration
of ristocetin (0.5–0.7 mg/mL) that does not cause agglutination
with normal VWF. If normal washed platelets are re-suspended
in the patient’s plasma, the phenomenon is reproduced, demon-
strating that the abnormality is in the plasma. Thus, RIPA should
be routinely performed as part of the diagnostic work-up, as
it is important to detect this variant (see below), which does
not always show up in the other tests. Indeed, a recent analy-
sis showed that many patients with type 2B VWD have normal
platelet counts and VWF multimer patterns.
Type 2N VWD is characterized by VWF which has reduced

affinity for FVIII (VWF:FVIIIB), but is normal in other respects.
Preliminary investigations reveal only a reduced FVIII level (5–
35%), which is easily mistaken for mild haemophilia. Inheri-
tance is autosomal recessive, which may provide a clue to diag-
nosis, but confirmation requires an assay of VWFFVIII-binding
capacity or genetic analysis of FVIII and theVWFFVIII-binding
site in the D′ domain.
Overall, the majority of patients are found to be type 1,

which accounts for 75% of kindreds. Types 2A and 2B are
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fairly common, together accounting for about 15% of kindreds.
Type 3 is the least frequent and has a prevalence of 1–2 in
106. Although classification has proved useful in understanding
VWD and can help in planning treatment, some forms remain
difficult to classify and may show features of more than one
type.

Problems in diagnosis of type 1 VWD
The diagnosis of type 1 VWD implies that the patient has a sig-
nificantly low level ofVWF,which is responsible for an increased
tendency to bleed. It is often not easy to be certain of this con-
clusion for the following reasons:
1 Slightly low levels of VWF are common in the population.
Although the lower end of the normal range for VWF in the
general population is approximately 0.5 IU/mL, most of the
2.5% of the population who have levels below this have nor-
mal haemostasis. In particular, individuals with blood group O
have VWF levels on average 30% lower than those with non-
O blood groups and the lower end of a ‘blood group O nor-
mal range’ is approximately 0.35 IU/mL. Thus the lower limit
of the normal range is not the minimum level required for nor-
mal haemostasis. Nonetheless, individuals with blood group O
are over-represented in the group with type 1 VWD and there is
a continuous relationship between bleeding tendency and VWF
level that extends into the normal range without a clear cut-off
between normal and abnormal. A firm diagnosis of VWD can
be made when VWF function is<0.3 IU/mL but those with lev-
els 0.3–0.5 IU/mL are regarded as having ‘low VWF’. This is a
risk factor for bleeding, but will lead to a positive bleeding his-
tory only when collagen and platelet function are insufficient to
compensate.
2 A history of minor bleeding episodes (e.g. easy bruising, epis-
taxes) is very common in the population and is not a good pre-
dictor of bleeding in other circumstances, such as operations.
On the other hand, a negative bleeding history may be because
the patient has not yet have been exposed to a significant test of
haemostasis.
3 As a result of the two points above, a history of, say, easy bruis-
ing and slightly low VWF levels will often be found together.
However, this does not necessarily mean that the patient has
VWD and caution should be exercised in drawing this conclu-
sion, as it has many consequences for the patient.
4 Intercurrent events such as stress, exercise, illness and preg-
nancy may all elevate the VWF level, making it difficult to be
certain that a representative measure of VWF levels has been
obtained. It is therefore necessary to perform carefully standard-
ized sets of assays with concordant results on at least two occa-
sions to be sure of the diagnosis and its severity.
5 The family history is often unhelpful, particularly in mild
cases where penetrance is weak or variable. This is partly due to
themodifying effects alluded to in (1) above and it is now evident
that in some families, VWD does not segregate with the VWF

gene. A number of other factors, including ABO blood group
have been found to modulate VWF levels.

Treatment

Patients with mild or moderate VWD attend infrequently for
treatment. The first-line treatment forminor bleeding after local
measures have failed in type 1 VWD is desmopressin. This will
produce a brisk rise in VWF and FVIII levels (30 min after
intravenous infusion) and a shortening of the bleeding time
(for details of therapy see discussion of mild haemophilia A).
Desmopressin is much less effective in types 2A and 2M, pre-
sumably because the patient’s released VWF is abnormal and
still unable to promote platelet adhesion. Desmopressin is gen-
erally regarded as contraindicated in type 2B VWD, as the
released abnormal VWF will cause circulatory platelet aggre-
gates to form, with a further fall in the platelet count. Before
relying on desmopressin for therapy, patients should be given
a test dose in order to determine the response at 30–60 min,
because it varies considerably. In addition, the duration of the
response is also variable and further samples at 4–6 hours should
be taken because some forms of type 1VWD(e.g. VWFVicenza)
are characterized by a much shortened survival of VWF. A ther-
apeutic trial may also be worthwhile in type 2A, as some fam-
ilies do respond. In type 2N, the FVIII response is of normal
magnitude, but is of limited efficacy due to its short duration,
emphasizing the importance of making the correct diagnosis. It
may still be useful for minor procedures. Tranexamic acid may
be effective on its own in some circumstances such as menor-
rhagia or as a mouthwash for oral cavity bleeding.
In patients inwhomdesmopressin is ineffective or contraindi-

cated, the next line of treatment is a concentrate containing ade-
quate amounts of functionally active VWF with preservation of
the high-molecular-weight multimers. As with all concentrates,
the source of plasma and viral inactivation are also important.
Recombinant VWF concentrate is not yet licensed, but is in
Phase III clinical trials. Cryoprecipitate has been used in these
circumstances, but cannot be subjected to viral inactivation pro-
cedures and is therefore not recommended as first-line therapy.
Factor concentrates will always be required for treatment of type
3 VWD, most type 2 and those type 1 variants with inadequate
desmopressin responses. It is important to remember that fol-
lowing infusion of some high-purity VWF with low FVIII con-
tent, there is a delay of approximately 12 hours before the level
of FVIII rises substantially and, if rapid correction is required,
FVIII concentrate should also be given. In general, none of
these replacement treatments is reliable in correcting the bleed-
ing time, but this is not necessarily a bar to effective haemosta-
sis. This seemingly paradoxical result may be because they do
not correct the deficiency of intra-platelet VWF or because the
largest high-molecular-weight multimers are not present. In sit-
uations when concentrates fail to stop bleeding, cryoprecipitate
and platelet concentrates may prove effective.
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Clinical course and complications

Patients with types 1 and 2 VWD lead relatively normal lives,
with normal life expectancy. Menstruation is seldom a cause of
severe blood loss, although menorrhagia is common. This can
usually be managed satisfactorily with antifibrinolytics or by
hormonal therapy. The Mirena coil is also effective. If these are
not effective, then self-administration at home of desmopressin
by intranasal or subcutaneous routes can be useful. During
pregnancy, the VWF levels rise spontaneously to the normal or
low-normal range in most patients with type 1 VWD. In type 2,
the response is unpredictable and should be closely monitored.
Type 2B is particularly complicated in pregnancy because the
rise in endogenous VWF production exacerbates the throm-
bocytopenia. Patients with severe type 3 disease have a clinical
course resembling severe or moderately severe haemophilia A,
including the development of joint damage, and should be con-
sidered for prophylaxis. A small number of patients with type
3 disease develop antibodies to VWF, which inhibit its platelet
adhesion-promoting property and cause rapid removal from the
circulation of infused material. Unlike anti-FVIII antibodies,
some anti-VWF antibodies may mediate anaphylactic shock.

Molecular genetics

The cloning of VWF cDNA and its gene has led to progress in
identifying the underlyingmutations responsible for the various
phenotypes. A database of mutations responsible for VWD has
been established at http://vwf.group.shef.ac.uk/.

Type 1
In the last few years there have been extensive studies to deter-
mine the molecular basis of type 1 VWD and a number of
important points have emerged. Firstly, in about 35% of cases
reported to have VWD, the disorder does not segregate with the
VWF locus and therefore presumably results from a combina-
tion of other modifying genes, in particular the ABO locus. This
phenomenon is most common in individuals diagnosed with
VWD and VWF levels above 0.30 IU/mL and involves a dis-
proportionate number of blood group O individuals. The like-
lihood of the disorder segregating with the VWF gene and of
a causative mutation being identified increases significantly as
the VWF level falls and a mutation is found in all cases where
the VWFmultimer pattern is abnormal. Among those with type
1 VWD and an identified mutation, mutations are widely scat-
tered throughout the molecule.

Type 2
Mutations responsible for type 2 VWD affect a relevant func-
tional site in the molecule and the corresponding portion of the
gene. Mutations causing types 2M and 2B both affect the bind-
ing site for platelet GPIb on VWF and are found within the A1

domain of the molecule. They are inherited dominantly. As dis-
cussed above, type 2A may arise from increased susceptibility
to proteolysis by ADAMTS-13 caused by mutations in the A2
domain. Otherwise, type 2A mutations are scattered through-
out the gene, but particularly in the propeptide, D′–D3 and the
cysteine knot. In general, type 2A is dominant, but occasional
recessive forms occur. Mutations causing type 2N are found in
the FVIII-binding site in the D′ domain, but because the bind-
ing capacity of VWF greatly exceeds the FVIII concentration the
inheritance is recessive.

Type 3
Type 3 is characterized by the complete absence of VWF and
so arises from inactivating or null mutations in both VWF alle-
les and is inherited in an autosomal recessive manner. The rare
patients who develop antibodies to VWF nearly all have large
deletions of their VWF gene.

Pseudo von Willebrand disease (platelet-type)

Several families have been described with a disorder closely
resembling type 2B VWD, but in whom mixing experiments
show the defect to be in their platelets rather than their
plasma. Patients with pseudo VWD (PT-VWD) have moder-
ately reduced levels of VWF:Ag and platelets, with an enhanced
response of their platelet-rich plasma to low levels of risto-
cetin (0.5 mg/mL). The addition of normal cryoprecipitate to
their washed platelets causes spontaneous aggregation, whereas

Table 38.5 Disorders associated with acquired von Willebrand
syndrome and mechanism responsible.

Disorder Mechanism Treatment

Hypothyroidism Reduced synthesis Correct thyroid
status

Aortic stenosis Shear stress and
increased
cleavage

Replace aortic valve

Myeloproliferative Adherence to
platelets and
increased
cleavage

Restore platelet
count to normal

IgG paraprotein Immune IVIG, chemotherapy
to reduce
paraproteins

IgM paraprotein Immune Chemotherapy
(IVIG ineffective)

Wilms tumour Adsorption Tumour removal if
possible

IVIG, intravenous immunoglobulin.
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the reverse experiment is without effect (compare with type
2B). Missense mutations in platelet membrane GPIb, such that
it spontaneously binds higher multimers of VWF, have been
shown to be the underlying cause of this autosomal domi-
nant mild bleeding syndrome. Treatment has not been exten-
sively evaluated, but it should probably be with normal platelet
concentrates, rather than desmopressin or cryoprecipitate. Thus
this syndrome should be excluded bymixing tests as above or by
genetic analysis before diagnosing type 2B VWD.

Acquired von Willebrand syndrome

In a number of circumstances, patients may acquire a defi-
ciency of VWF function that is not inherited. The common-
est association is with a paraprotein that binds to VWF and
accelerates clearance, producing a type 2A or type 3 pattern.
Severe aortic stenosis can cause sufficient shear stress on VWF
to accelerate ADAMTS13 cleavage and cause an acquired von
Willebrand syndrome that resolves immediately after valve
replacement. A similar phenomenon occurs in myeloprolif-
erative disease when thrombocytosis is present and excess
platelet binding promotes cleavage. VWF synthesis is reduced in
hypothyroidism (Table 38.5). Treatment of the underlying disor-
der will improve the syndrome. If urgent treatment is required,
then replacement therapymay be necessary (taking into account
accelerated clearance) and IgG paraproteins will usually respond
to intravenous immunoglobulin.
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Introduction

The rare bleeding disorders (RBDs), including the inherited
deficiencies of coagulation factors fibrinogen, prothrombin, fac-
tor (F)V, combined FV and FVIII, FVII, FX, FXI, FXIII and of
multiple deficiency of vitamin-K-dependent factors, are usually
transmitted in an autosomal recessive manner. The incidence of
RBDs in the general population is low, and homozygous or dou-
ble heterozygous deficiencies vary from 1 in 500,000 for FVII
deficiency to 1 in 2million for prothrombin (FII) and FXIII defi-
ciencies (Table 39.1). This incidence is also strongly influenced
by ethnicity and is significantly increased by a high rate of con-
sanguinity in the population.
Evaluation of the distribution of the RBDs relies on the

two largest surveys, aimed at collecting epidemiological data
and at providing information to haemophilia organizations and
treatment centres involved in reducing or preventing compli-
cations of bleeding. One is led by the World Federation of
Haemophilia (WFH, http://www.wfh.org/) and the other was
developed within the European Network of the Rare Bleeding
Disorders (EN-RBD; www.rbdd.eu). The WFH started the col-
lection of data on RBDs in 2004, while the EN-RBD project was
developed within the public health program promoted by the
Public Health Executive Agency and funded by the European
Commission and the Directorate General for Health and Con-
sumers (DG SANCO) in 2007. Comparison of the data obtained
by the two surveys shows similar results, confirming that FVII
and FXI deficiencies are the most prevalent RBDs (represent-
ing about 38% and 27% of the total number of affected patients,
respectively), followed by deficiencies of fibrinogen, FV and FX
(8–9%), FXIII (∼6%) and combined FV and FVIII (∼3%), while
the rarest disorder was FII deficiency with a prevalence of 1%

(Figure 39.1). In addition, the WFH survey shows that half of
the available data comes fromEurope; this couldmean thatmore
effort should be put on setting up more accurate diagnosis and
better data collection system in the rest of the world.

Clinical symptoms

Clinical symptoms among patients with RBDs differ signifi-
cantly from one disorder to another, and from one patient to
another, even when suffering from the same disorder. The most
common symptoms are mucosal tract bleeding and excessive
bleeding at the time of invasive procedures, delivery in women
and circumcision in boys (where it is customary). Bleeds that
endanger life, such as in the central nervous system (CNS),
appear to be less frequent than in haemophilia. Particular care
should be paid to women affected by RBDs as they may experi-
ence excessive monthly bleeding associated with menstruation.
Indeed,menorrhagia is not the only gynaecological problem that
women with RBDs are more likely to experience, they are also at
risk of increased bleeding in conditions such as haemorrhagic
ovarian cysts, endometriosis, endometrial hyperplasia, polyps
and fibroids. Pregnancy and childbirth, two important stages in
the life of a woman, pose particular clinical challenges in women
with RBDs, since information about these issues are very scarce
and limited to just a few case reports.

Classification

The rarity of the RBDs limits our knowledge of their natural
history. It is now well known that every RBD can have several

Postgraduate Haematology, Seventh Edition. Edited by A Victor Hoffbrand, Douglas R Higgs, David M Keeling and Atul B Mehta.
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Table 39.1 General features of autosomal recessive deficiency of
coagulation factors.

Deficiency
Estimated
prevalence∗ Gene (chromosome)

Fibrinogen 1 in 1 million FGA, FGB, FGG (all
on 4q28)

Prothrombin 1 in 2 million F2 (11p11–q12)
Factor V 1 in 1 million F5 (1q24.2)
Combined factor
V and VIII

1 in 1 million LMAN1 (18q21.3–q22)
MCFD2 (2p21–p16.3)

Factor VII 1 in 500,000 F7 (13q34)
Factor X 1 in 1 million F10 (13q34)
Factor XI 1 in 1 million F11 (4q35.2)
Factor XIII 1 in 2 million F13A1 (6p24–p25)

F13B (1q31–q32.1)
Vitamin-K-
dependent
coagulation
factors

Reported in
<50 families

GGCX (2p12)
VKORC1 (16p11.2)

∗Including dysfunctional proteins.

bleeding symptoms, ranging from minor post-trauma bleeding
to the most severe episodes, which may appear at birth or later
in life. In some deficiencies the residual coagulant activity level
is directly proportional to the risk of developing a haemorrhage,
but this is not true for all types of deficiencies. This information
has been finally made available, in recent years, thanks to the
published scientific literature and registries/databases aimed at
collecting data on different aspects of single deficiency. Among
these, the European Network on Rare Bleeding Disorders
(EN-RBD), based on a cross-sectional study using data from 489

Fibrinogen 8%
FII 1.5%

FV 9%

FV+FVIII 3%

FVII 37.5%FX 8%

FXI 26.5%

FXIII 6.5%

Figure 39.1 Worldwide distribution of rare bleeding disorders
derived fromWorld Federation of Haemophilia (WFH) and
European Network of the Rare Bleeding Disorders (EN-RBD).

patients and involving 13 European treatment centres, for the
first time evaluated the correlation between the coagulant resid-
ual plasma activity level and clinical bleeding severity in each
RBD. Clinical bleeding episodes were classified into four cate-
gories of severity, based on the location and the potential clini-
cal impact, as well as the trigger of bleeding (spontaneous, after
trauma or drug induced). Bymeans of linear regression analysis,
this study found a strong association between coagulant activ-
ity level and clinical bleeding severity for fibrinogen, combined
FV + VIII, FX and FXIII deficiencies. A weak association with
clinical bleeding severity was present for FV and FVII deficien-
cies, while coagulation-factor activity level of FXI did not predict
clinical bleeding severity. From the same study it is also clear that
the minimum level to ensure complete absence of clinical symp-
toms is different for each disorder, leading to the conclusion that
RBDs should not be considered as a single class of disorders, but
instead studies should focus on the evaluation of specific aspects
of each single RBD (see Table 39.2).

Laboratory diagnosis

The laboratory diagnosis of RBDs is currently carried out by
means of coagulation screening tests, such as the activated par-
tial thromboplastin time (APTT) and the prothrombin time
(PT), applied to subjects reporting a clinical and family history
of bleeding. A prolonged aPTT with a normal PT is sugges-
tive of FXI deficiency (after exclusion of FVIII, FIX and FXII
deficiencies). The reverse pattern (normal aPTT and prolonged
PT) is typical of FVII deficiency, whereas the prolongation of
both tests directs further analysis towards possible deficiencies
of FX, FV or prothrombin. All coagulation tests that depend on
the formation of fibrin as the end point are necessary to evalu-
ate fibrinogen deficiency; hence, beside PT and aPTT, thrombin
time (TT) has to be performed. Abnormal results of screening
tests should be followed by mixing studies (50:50) to exclude
the presence of a natural inhibitor. If there is a correction of
the PT or PTT, this indicates a factor deficiency and specific
coagulation assays should be performed in order to diagnose
the specific factor involved; no correction indicates the pres-
ence of an inhibitor. Factor antigen assays are not strictly neces-
sary for diagnosis and treatment, but are necessary to distinguish
type I from type II deficiencies; these measurements are very
important in fibrinogen or FII deficiency, where normal antigen
levels and reduced coagulant activity (dysfibrinogenaemia and
dysprothrombinaemia) can be associated with a risk of throm-
bosis. The standard laboratory clotting tests (PT, aPTT, fib-
rinogen level, platelet counts) are normal in FXIII deficiency;
therefore its diagnosis is established by the demonstration of
increased clot solubility in 5 M urea, dilute monochloroacetic
acid or acetic acid. However, this method, qualitative and poorly
standardized, detects only severe FXIII deficiency (with activity
<5%), thus leading to a possible under-diagnosis. FXIII activity
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should also be determined quantitatively by the measurement
of ammonia released during the transglutaminase reaction or
the incorporation of radioactive amines into proteins. In this
case, the plasma blanking procedure is mandatory to avoid
FXIIIa-independent ammonia release that could lead to incor-
rect results in the low-activity range below 5–10%.

Molecular diagnosis

Molecular diagnosis is based on the search for causative muta-
tions in the genes encoding the corresponding coagulation fac-
tors. Exceptions are combined deficiency of FV and FVIII,
caused by mutations in genes encoding proteins involved in
FV and FVIII intracellular transport (MCFD2 and LMAN1),
and combined deficiency of vitamin-K-dependent proteins
(FII, FVII, FIX and FX), caused by mutations in genes that
encode enzymes involved in post-translational modification
and in vitamin K metabolism (GGCX and VKOR). Informa-
tion on already identified mutations causing RBDs are easily
traceable from the mutation database on the ISTH website
(http://www.isth.org/?MutationsRareBleedin). Missense muta-
tions are the most frequent gene abnormalities, representing
50–80% of all identified mutations, except for LMAN1 vari-
ants, where themost frequentmutations are insertions/deletions
(50%). Insertion/deletion mutations represent 20–30% of the
gene variations of the fibrinogen, FV, MCFD2 and FXIII genes
and less than 15% of the remaining coagulation-factor gene
mutations. Splicing and nonsense mutations comprise 5–15% of
all identified mutations in all coagulation factors, with a maxi-
mum rate of 20% in the LMAN1 gene. Variants located in the
3′ and 5′ untranslated regions of the genes are the least fre-
quent types of mutation (less than 5%) found only at the fib-
rinogen, FVII, FXI and FXIII loci. Despite significant advances
in our knowledge of the genetic basis of the RBDs, in 5–10%
of patients affected with severe clotting-factor deficiencies, no
genetic defect can be found. In these patients, the use of next
generation sequencing (NGS) might help to identify novel path-
ways in coagulation disorders. Over the past 20 years the liter-
ature on molecular aspects of RBDs based on naturally occur-
ring mutations is much increased. However, the early work in
this area, and especially studies that have highlighted poten-
tial genotype/phenotype correlations have been conducted in
mousemodels. The results of these studies showed that the com-
plete absence of almost all coagulation factors led to a severe
clinical phenotype often incompatible with life or with reaching
adulthood.

Global haemostasis tests

Tests investigating global haemostatic capacity, such as the
thrombin generation test and thromboelastography have

recently raised the interest of the scientific community, since
standard coagulation tests, such as PT or APTT, note only
the integrity of the coagulation process, and not its speed and
extent. Moreover, factor assays performed using these tests
are limited by their sensitivity at very low levels. Therefore
global haemostasis tests are believed to provide more accurate
evaluation of an individual’s in vivo haemostatic state and
response to treatment and to be better suited to predicting
clinical phenotype because they can more effectively assess the
rate and total thrombin generated, whole blood clot formation
and/or fibrin polymerization. They have been recently used to
evaluate haemostasis in patients with RBDs and haemophilia
and, in particular, they are now becoming a new laboratory
strategy to determine the effectiveness of therapies and to
monitor treatment in various bleeding situations in RBDs, in
particular in those deficiencies, such as FXI, where standard
assays fail to determine the bleeding risk, even though the ana-
lytical conditions of the reaction have not yet been optimized
or standardized. The ability to reproduce reliable thrombin
generation measurements should be facilitated by the use of
standardized preanalytical and analytical procedures.

Treatment

Treatment of RBDs is a difficult task, since information on
their clinical management is often scarce, and replacement
therapy of coagulation factors may require the prescription of
unlicensed products that are not readily available. The main
treatments are represented by non-transfusional adjuvant ther-
apies (antifibrinolytic amino acids, oestrogen/progestogen) and
replacement therapy of the deficient coagulation factor. Unfor-
tunately, information on the safety and efficacy of the few avail-
able products is sparse, and experience in their optimal use
significantly more limited than that available for haemophilia.
The avoidance of transmission of blood-borne infectious agents
is the primary requisite in the choice of replacement mate-
rial. Solvent/detergent-treated plasma is an important source
of replacement that is recommended in the majority of these
disorders; virus-inactivated concentrates, when commercially
available, are also safe, but expensive, especially for develop-
ing countries. Non-virus-inactivated plasma and cryoprecipi-
tate should be avoided if possible. Virally inactivated factor con-
centrates are available for several deficiencies and are preferred
when virally inactivated plasma is not available or repeated infu-
sions are needed, causing fluid overload, as may occur during
surgery or in cases of bleeding in the CNS. An updated reg-
istry of the available clotting factor concentrates is published
by the WFH (9th edition, http://www.wfh.org). A patient’s per-
sonal and family history of bleeding are important guides for
management. The conventional treatment for RBDs is given on
an ‘on demand’ basis and is administered as soon as possible
after onset of bleeding; however, in clinically severe cases, a
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prophylactic treatment should be considered. Dosages and fre-
quency of treatment depend on theminimal haemostatic level of
the deficient factor, its plasma half-life and the type of bleeding
episode. The choice of prophylaxis is related to the frequency of
bleeding, the risk of severe spontaneous bleeding and the risk of
long-term disabilities associated with the occurrence of bleed-
ing, despite on-demand treatment. General recommendations
for treatment on demand and prophylaxis are summarized in
Table 39.2.

Fibrinogen deficiency

Fibrinogen deficiency is heterogeneous and two main pheno-
types can be distinguished: plasma and platelet levels of the
protein are either not measurable or very low, leading to afib-
rinogenaemia and hypofibrinogenaemia. In other cases, low
clottable fibrinogen contrasts with normal or moderately
reduced fibrinogen antigen leading to dysfibrinogenaemia and
hypodysfibrinogenaemia. Fibrinogen is produced in the hepa-
tocyte from three homologous polypeptide chains, Aα, Bβ and
γ, which assemble to form a 340-kDa hexamer. The three genes
encoding fibrinogen Bβ (FGB), Aα (FGA) and γ (FGG), ordered
from centromere to telomere, are clustered in a region of approx-
imately 50 kb on chromosome 4 in humans.
Dysfibrinogenaemic and hypofibrinogenaemic patients are

usually asymptomatic, while those with afibrinogenaemia have a
bleeding tendency that usually manifests in the neonatal period,
with 85% of cases presenting umbilical cord bleeding. Bleed-
ing may also occur in the skin, gastrointestinal tract (GI), geni-
tourinary tract or the CNS, while persistent damage to the mus-
culoskeletal system and resulting handicap is less frequent. A
milder symptom such as epistaxis is also frequent. Women may
suffer from menometrorrhagia, but some have normal menses.
First-trimester abortion is common in women with afibrino-
genaemia, but less common in those with dysfibrinogenaemia.
The conventional treatment is episodic and on-demand, but
effective long-term secondary prophylaxis with administration
of fibrinogen every 7–14 days has been described after CNS
bleeds. However, high-level replacement, e.g. during pregnancy,
should bemoderated by the fact that thromboembolic events can
occur. Depending on the country of residence, patients receive
fresh-frozen plasma (FFP), cryoprecipitate or fibrinogen con-
centrate, the last being the treatment of choice because it is
virally inactivated and thus safer than cryoprecipitate or FFP.

Prothrombin deficiency

Prothrombin deficiency is perhaps the rarest inherited coag-
ulation disorder, with a prevalence of about 1 in 2 million. As
with fibrinogen deficiency, two main phenotypes can be dis-
tinguished: hypoprothrombinaemia (both activity and antigen

levels are low) and dysprothrombinaemia (normal synthesis
of a dysfunctional protein); hypoprothrombinaemia associated
with dysprothrombinaemia was also described in compound
heterozygosis. FII, a vitamin-K-dependent glycoprotein syn-
thesized by the liver, is the zymogen of the serine protease
α-thrombin and is encoded by a gene of approximately 21 kb
located on chromosome 11.
Severe deficiency of FII, a condition inwhich plasma levels are

<5% (homozygous or double heterozygous patients), is always
characterized by severe bleeding, including prolonged post-
injury bleeding,mucosal bleeding and subcutaneous andmuscle
haematoma. Conversely, GI bleeding episodes were reported in
only a few cases. Dysprothrombinaemia manifests as a variable
bleeding tendency that is usually less severe than true deficiency,
while heterozygous subjects are usually asymptomatic although,
occasionally, excessive bleeding after surgical procedures can be
observed. In homozygous women, menorrhagia is frequent.
Replacement therapy is needed only in severe patients, in

case of bleeding or to ensure adequate prophylaxis before surgi-
cal procedures. Since no FII concentrate exists, FFP, prothrom-
bin complex concentrate (PCC) or both are used for treating
patients. In severe clinical settings, higher levels of prothrombin
may be achieved with PCCs without the risk of potential volume
overload induced by FFP. However, most PCCs contain other
vitamin-K-dependent coagulation factors, which could poten-
tially induce thrombotic complications.

Factor V deficiency

FV has a double role in the coagulation process: it is a pro-
tein cofactor required by the prothrombinase complex for
thrombin generation, but also contributes to the anticoagulant
pathway by downregulating FVIII activity. The majority of indi-
viduals with FV deficiency are characterized by concomitant
deficiency of FV activity and antigen levels (type I deficiency),
but approximately 25% have normal antigen levels, indicating
the presence of a dysfunctional protein (type II deficiency). FV is
mainly secreted by hepatocytes, but there is some evidence that
it can also be synthesized in vivo in the megakaryocyte/platelet
lineage. FVprotein is encoded by a large (80 kb) and complex (25
exons) gene located on chromosome 1. Severe deficiency typi-
cally presents early in life, nonetheless, it is clinically heteroge-
neous and, sometimes, despite severe deficiency, patients may
not bleed as much as expected. Observations made in the past
few years point to an important role for platelet FV that pro-
vide new insight into this discrepancy. Megakaryocytes can syn-
thesize FV; however, the majority of platelet FV is endocytosed
from the plasma pool by megakaryocytes. Following endocyto-
sis, FV is modified intracellularly; these changes to platelet FV
appear to provide the cofactor with unique physical and func-
tional characteristics, which render it more procoagulant com-
pared with its plasma counterpart. Platelet degranulation and
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release of platelet FV at the site of vascular injury is thought to
be a critical contributor to the local FV concentration. Further-
more, there is some evidence that, because platelet FV is locally
released in high concentrations, it is less susceptible to inhibition
and may function normally in haemostasis.
Symptomatic patients usually present with umbilical stump

bleeding, skin and mucosal tract haemorrhages; epistaxis and
menorrhagia are relatively frequent, even in patients with mea-
surable FV levels. Postoperative and oral cavity haemorrhages
are common, but not fully predictable, as these symptoms also
occur with plasma levels as high as 5–10%. Haemarthroses
and haematomas occur in only 25% of patients, and life-
threatening bleeding episodes (GI and CNS bleedings) are rare.
In patients with mild to moderate deficiency, therapy with
antifibrinolytic drugs is sufficient to control epistaxis, menor-
rhagia or other non-life-threatening mucosal bleedings. Menor-
rhagia can also be managed directly using oral contraceptives,
progestin-containing intrauterine devices, endometrial ablation
or hysterectomy. Replacement therapy with FV can still be
administered only through FFP, preferably virus inactivated,
because no FV concentrate is currently available on the market.
However, a FV concentrate has been recently developed for clin-
ical use in deficient patients and preclinical studies are currently
being performed for the orphan drug designation application to
the European Medicine Agency (EMA) and the Food and Drug
Administration (FDA), in order to make it available on the mar-
ket as soon as possible.

Combined deficiency of factor V and
factor VIII

Combined FV and FVIII deficiency (F5F8D) is characterized by
concomitantly low levels (usually 5–20%) of the two coagula-
tion factors, both as coagulant activity and as antigen. It appears
that the concomitant presence of two coagulation defects does
not enhance the haemorrhagic tendency observed in each defect
separately. In 1988, F5F8D was causally associated with muta-
tions in the LMAN1 gene, encoding lectin mannose-binding
protein (previously named ERGIC-53), a 53-kDa type 1 trans-
membrane protein that acts as a chaperone in the intracellular
transport of both factors. In 2003 another locus associated with
the deficiency was identified in about 15% of affected families,
with no mutations in LMAN1. This was named the MCFD2
gene, encodingmultiple coagulation factor deficiency (MCFD)2
protein, which acts as a cofactor for LMAN1, specifically recruit-
ing correctly folded FV and FVIII in the endoplasmatic retic-
ulum. Recent studies have failed to identify additional compo-
nents of the LMAN1–MCFD2 receptor complex, supporting the
idea that F5F8D might be limited to LMAN1 andMCFD2. The
phenotypes associated with mutations inMCFD2 and LMAN1
are indistinguishable and manifested only by deficiencies of FV
and FVIII, although a selective delay in secretion of the cargo

protein procathepsin C has been observed in HeLa cells over-
expressing a dominant-negative form of LMAN1.
Symptoms are usually mild, with a predominance of easy

bruising, epistaxis and bleeding after dental extractions. Men-
orrhagia and postpartum bleeding have also been reported in
affected women. More severe symptoms, such as haemarthroses
and umbilical cord bleeding, are observed very seldom and GI
and CNS bleeding have been reported in only a few patients.
Soft-tissue haematomas are unusual. Because of the mild clini-
cal pattern, bleeding episodes are usually treated on demand and
do not require regular prophylaxis. These cases can be treated
with desmopressin, as the low FVIII is usually of more signifi-
cance than the low FV. More severe cases may need to be treated
with FVIII concentrate and/or FFP as sources of both FV and
FVIII may be needed when their different plasma half-lives (FV
36 hours, FVIII 10–14 hours) have to be taken into account.

Factor VII deficiency

FVII deficiency is themost common autosomal recessive coagu-
lation disorder (1 in 500,000). A typical feature of this disease is
its clinical heterogeneity, which ranges in severity from lethal to
mild, or even asymptomatic forms. FVII is synthesized in the
liver and is encoded by the FVII gene (F7) located on chro-
mosome 13, 2.8 kb upstream of the FX gene. Plasma levels of
FVII coagulant activity (FVII:C) and FVII antigen (FVII:Ag) are
influenced by a number of genetic and environmental factors
(sex, age, cholesterol and triglyceride levels) and it is also well
known that FVII levels are modulated by F7 polymorphisms.
Themajority of patients have concomitantly low levels of FVII:C
and FVII:Ag, but several cases are characterized by normal or
low borderline levels of FVII:Ag, contrasting with lower levels
of FVII:C.
The severity of symptoms of FVII deficiency is variable: some

patients do not bleed even with a very low level of FVII:C, while
others with similar levels of coagulant activity have frequent
bleeding. Life- or limb-endangering bleeding manifestations are
relatively rare, the most frequent symptoms being epistaxis and
menorrhagia. However, CNS bleeding was also reported to have
high incidence (16%) in a series of 75 patients, the study con-
cluded that the greatest risk factor for development of bleeding
was trauma related to the birth process. Thrombotic episodes
have also been reported in 3–4%of patientswith FVII deficiency,
particularly in the presence of surgery and replacement treat-
ment, but spontaneous thrombosis may also occur; therefore it
can be inferred that patients affected with FVII deficiency are
not protected from thrombosis.
A number of therapeutic options can be offered to patients

with FVII deficiency, including FFP and PCCs (however, con-
centration’s of FVII in FFP and PCC are low and therefore
these are not the best treatments), plasma-derived FVII concen-
trates and recombinant FVIIa, which has to be considered the
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optimal replacement therapy because it can be used at very low
dose (10–20μg/kg). Prophylaxis has been a debated issue in FVII
deficiency, particularly in those patients with a severe bleeding
history. However, the short half-life of infused FVII makes it dif-
ficult to establish a standardized protocol for prophylaxis.
The occurrence of frequent menorrhagic symptoms is almost

invariably associated with chronic anaemia associated with
iron deficiency in women with the severe form of FVII defi-
ciency. Pregnancy itself does not require special precautions and
uncomplicated delivery is possible without prophylaxis. How-
ever, all cases of postpartum bleeding reported so far occurred
in women with low FVII coagulant activity (<15 units/dL) not
receiving prophylaxis. Therefore, delivery should occur under
the coverage of a short-term replacement.

Factor X deficiency

FX is a glycoprotein that plays a pivotal role in the coagula-
tion cascade, being the first enzyme in the common pathway of
thrombin formation. FX is mainly synthesized by the liver and
is encoded by the FX gene (F10), comprising 22 kb and located
on chromosome 13, a few kilobases downstream of F7. The clin-
ical phenotypes of FX deficiency are characterized by concomi-
tantly low levels of coagulant activity and antigen, or low coagu-
lant activity contrasting with normal or low borderline antigen
values.
In FX deficiency the bleeding tendency may appear at any

age, although the more severely affected patients (FX coagulant
activity <1%) present early in life with umbilical-stump, CNS
or GI bleeding. Patients with severe deficiencies also commonly
experience haemarthroses and haematomas. Themost common
bleeding symptoms reported at all levels of severity are epistaxis
and menorrhagia.
Data from theUKHaemophilia CentreDoctors’ Organisation

(UKHCDO) registry shows that the proportion of patients with
this deficiency who require treatment is much higher than that
of other rare coagulation deficiencies. Heterozygous patients
have also been reported to have bleeding after delivery that
required treatment. A recently developed freeze-dried human
coagulation FIX and FX concentrate with specified amounts of
FX (and FIX) has facilitated prophylaxis in patients with FX
deficiency. A clinical trial investigating the pharmacokinetics
of a new high-purity FX concentrate has been also recently
completed (ClinicalTrials.gov identifier: 00930176) and is ongo-
ing in children in order to be presented to the EMA. Thera-
peutic options for the control of menorrhagia are both med-
ical (e.g. antifibrinolytics, oral contraceptives, levonorgestrel
intrauterine device and clotting factor replacement) and sur-
gical (e.g. endometrial ablation and hysterectomy). Even if FX
plasma concentrations increases in pregnancy, women with
the severe form of the deficiency and a history of adverse
pregnancy outcomes (such as abortion, placental abruption or

premature birth), may benefit from continuous replacement
therapy.

Factor XI deficiency

FXI deficiency is characterized by a decrease in the functional
activity of this plasma protein, usually accompanied by corre-
spondingly low FXI antigen levels. More rarely, normal or bor-
derline levels of plasma FXI antigen are associated with a dys-
functional form of the protein. The estimated prevalence of the
severe FXI deficiency inmost populations is about 1 in 1million,
but is reported to be much higher in Ashkenazi Jews, heterozy-
gosity being as high as 8%.
FXI is mainly synthesized in the liver, although tiny amounts

of transcript can also be detected in megakaryocytes and
platelets. The protein is encoded by the FXI gene, compris-
ing 23 kb and located on chromosome 4. At variance with
other RBDs, whose pattern of inheritance is autosomal reces-
sive, in some cases of FXI, missense mutations were shown to
exert a dominant negative effect through heterodimer formation
between the mutant and wild-type polypeptides, resulting in a
pattern of dominant transmission. Moreover, the existence of a
platelet FXI transcript, originating from the skipping of exon 5,
was hypothesized for a long time, but never confirmed by subse-
quent work. Nonetheless, recent data support the view that FXI
transcripts undergo alternative splicing, leading to the synthesis
of FXI isoforms whose physiological role and importance still
need to be demonstrated.
The relationship between FXI levels in plasma and the bleed-

ing tendency is not as clear-cut as for other coagulation factor
deficiencies as also shown by the EN-RBD results. The pheno-
type of bleeding is not correlated with the genotype, but with
the site of injury. When a site of injury with local high fib-
rinolytic activity is involved (e.g. urogenital tract, oral cavity
after dental extraction or tonsillectomy), the risk of bleeding is
increased (49–67%) in comparison to sites with less local fib-
rinolytic activity (1.5–40%). Usually, patients with severe FXI
deficiency (1% or less) are mildly affected and most bleeding
manifestations are injury-related. Surprisingly, patientswith low,
but detectable, levels of FXI (1–5%) are also mild bleeders, so
that clinical phenotypes are not strikingly different in these two
groups. The most frequent symptom is oral and postoperative
bleeding, which occurs in more than 50% of patients. Women
with FXI deficiency are prone to excessive bleeding duringmen-
struation, but case series of women affected by severe FXI defi-
ciency showed that 70% of pregnancies were uneventful, despite
no prophylactic treatment.
Treatment is based on the use of antifibrinolytic agents,

FFP and FXI concentrate. Recombinant FVIIa was successfully
used in surgeries, but care should be taken to reduce the risk
of complications such as thrombotic events (especially with
FXI concentrate), volume overload, allergic reactions and
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development of inhibitors. Future studies are needed to confirm
the role of rFVIIa in surgery and FXI deficiency. Patients with
a partial deficiency in FXI who have no bleeding history do not
require prophylactic treatment.

Factor XIII deficiency

FXIII is a transglutaminase and functions to cross-link the α
and γ fibrin chains, resulting in a stronger clot with an increased
resistance to fibrinolysis. The plasma factor consists of two cat-
alytic A subunits (FXIII-A) and two carrier B subunits (FXIII-
B). FXIII-A is synthesized in cells of bone marrow origin, while
FXIII-B is produced in the liver. The corresponding genes are
located on chromosomes 6 and 1. FXIII deficiency is, together
with prothrombin deficiency, the rarest of the recessively trans-
mitted coagulation factor deficiencies (1 in 2 million). In inher-
ited FXIII deficiency, plasma levels of FXIII-Ameasured as func-
tional activity or immunoreactive protein is usually extremely
reduced, whereas the FXIII-B subunit is reduced, but always
at measurable levels. Patients with FXIII-A deficiency have a
bleeding tendency that is usually severe, particularly because of
the early onset of life-threatening symptoms such as umbilical-
cord and CNS bleeding occurring in up to 80 and 30% of
patients, respectively. Ecchymoses, haematomas and prolonged
bleeding following trauma are also typical. Haemarthroses and
intramuscular haematomas may appear unexpectedly, although
less frequently. In women of reproductive age, miscarriage and
intraperitoneal bleeding are often reported. All these symptoms
usually lead to an early diagnosis, so that patients who survive
are often treated prophylactically, starting early in life.
This approach to treatment is rendered simple and feasible by

the fact that plasma levels of FXIII of 2–5% are sufficient to pre-
vent severe bleeding, and that the long in vivo half-life of the
factor (11–14 days) makes it possible to infuse cryoprecipitate
or concentrates at intervals of 1 month or longer. The recent
EN-RBD study showed that patients with FXIII deficiency
need to reach a FXIII:C >30% to remain completely asymp-
tomatic. Prophylactic infusions of FXIII are recommended in
FXIII-A-deficient women who are pregnant, in order to prevent
fetal loss.
Because of the risk of blood-borne diseases, FFP and cryo-

precipitate are less satisfactory for treatment or prophylaxis, and
FXIII concentrate is recommended whenever available. Plasma-
derived FXIII has been used for several years and shown to be
safe and effective; however, a new recombinant FXIII-A2 con-
centrate (rFXIII-A2) has become available and a Phase III clin-
ical trial (ClinicalTrials.gov identifier:00713648) has recently
been completed, proving that rFXIII is safe and effective in pre-
venting bleeding episodes in patients with congenital FXIII-A
subunit deficiency. The rFXIII was recently approved for the
treatment of FXIII-A deficiency in Australia, Canada, the Euro-
pean Union, Switzerland and the USA.

Only a few cases of inherited FXIII-B deficiency have been
reported to date, and only 16 causative mutations have been
identified; FXIII-B deficiency bleeding symptoms appearmilder
than in FXIII-A-deficient patients.

Vitamin-K-dependent coagulation factors
deficiency

Vitamin-K-dependent coagulation factors such as FII, FVII, FIX
and FX require γ-carboxylation of glutamic acid residues at
their Gla domains to enable binding of calcium and attach-
ment to phospholipid membranes. The γ-carboxylation is
catalysed by hepatic γ-glutamyl carboxylase (GGCX) and its
cofactor, reduced vitamin K (KH2). During the reaction, KH2 is
converted to vitamin K epoxide (KO), which is recycled to KH2
by the vitamin K epoxide reductase (VKOR) enzyme complex.
Heritable dysfunction of GGCX or the VKOR complex results in
the secretion of poorly carboxylated vitamin-K-dependent coag-
ulation factors, leading to combined deficiency of the vitamin-
K-dependent clotting factors. The γ-carboxylation of glutamic
acid residues is also required for activity of the anticoagulant
factors protein C, protein S and protein Z, and although protein
S and protein C levels are low in VKCFD, there are no reports
of venous or arterial thrombosis. Thus, the effect of VKCFD is
clearly in the bleeding area. The GGCX and VKOR proteins are
encoded by two corresponding genes: GGCX (13 kb, 15 exons)
located on chromosome 2 and the unusually small VKORC1
(5126 bp, three exons) located on chromosome 16; the latter gene
was so named because of evidence suggesting that VKOR is a
multisubunit complex.
VKCFD is a rare autosomal recessive bleeding disorder that

often presents during infancy, although the routine adminis-
tration of vitamin K may delay the diagnosis of VKCFD in
neonates. Severe symptoms, such as intracranial haemorrhage or
umbilical stump bleeding, are usually associated with factor lev-
els below 5 units/dL. Severely affected children may also present
with skeletal abnormalities such as nasal hypoplasia, distal digi-
tal hypoplasia, epiphyseal stippling andmild conductive hearing
loss. Older patients can present with easy bruising and mucocu-
taneous or postsurgical bleeding.
Treatment with oral or parenteral vitamin K should be started

as soon as possible in all patients at diagnosis. However, some
patients show insufficient response, and there are limited data
on the effectiveness of prophylaxis with weekly administration
of vitamin K1 10mg. In fact, massive parenteral doses of vitamin
K do not always correct FII, FVII, FIX and FX activities, and
there is clear biochemical evidence that the molecules are not
fully carboxylated by such treatment. In this group of patients,
factor replacement by virally inactivated FFP could also be used
in cases of acute bleeding episodes or before surgery. PCC is the
alternative choice when a rapid increase in clotting factor levels
is necessary.
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Concluding remarks

Rarity of RBDs limits the in-depth analysis of their clinical
and laboratory features and limit their knowledge, in particu-
lar, among general physicians increasing the risk of misdiag-
nosis and fatal consequences. Therefore, the establishment of
global networks of treatment centres is mandatory to improve
the amount of collected data, to strengthen the power of the anal-
ysis deriving from such data and to improve and standardize lab-
oratory assay to define the minimum residual level of coagula-
tion factor to ensure a normal haemostatic process. The resulting
definition of the clinical end points will facilitate the design of
appropriate clinical trials for the evaluation of the safety and effi-
cacy of novel drugs. Multinational multicentre data collection
for long-term postregistration surveillance remains an impor-
tant milestone in the study of RBDs. To this aim, two important
programs have already been set up by Universal Data Collec-
tion (UDC) and the European Haemophilia Safety Surveillance
system (EUHASS) to adequately register and monitor treatment
and complications in treated patients. In addition, a web-based
database, PRO-RBDD (http://eu.rbdd.org/), was recently set up
to prospectively collect clinical and laboratory data of patients
with fibrinogen and FXIII deficiencies in order to evaluate
bleeding frequency and management, as well as consumption of
treatment products and related complications.

Acknowledgements

We would like to thank all our colleagues who have helped us to
develop issue 35 of Seminars of Thrombosis and Hemostasis,

2009 dedicated to ‘Rare bleeding disorders’ and all who
updated it in the 2013 issue; their revision of specific types
of deficiency helped us to more accurately revise our present
chapter.

Selected bibliography

Bolton-Maggs PH, Perry DJ, Chalmers EA et al. (2004) The rare
coagulation disorders: review with guidelines for management from
the United Kingdom Haemophilia Centre Doctors’ Organization.
Haemophilia 10: 593–628.

Chitlur M (2012) Challenges in the laboratory analyses of bleeding dis-
orders.Thrombosis Research 130: 1–6.

Kadir RA, Davies J (2013) Hemostatic disorders in women. Journal of
Thrombosis and Haemostasis 11(Suppl. 1): 170–9.

Lee CA, Chi C, Pavord SR et al. (2006) The obstetric and gynaecologi-
cal management of women with inherited bleeding disorders: review
with guidelines produced by a taskforce of UK Haemophilia Centre
Doctors Organization. Haemophilia 12: 301–36.

Muszbek L, Bagoly Z, Cairo A, Peyvandi F (2011) Novel aspects of
factor XIII deficiency. Current Opinion in Hematology 18: 366–
72.

Palla R, Peyvandi F, Shapiro AD (2015) Rare bleeding disorders: diag-
nosis and treatment. Blood 125: 2052–61.

Peyvandi F, Kunicki T, Lillicrap D (2013) Genetic sequence analysis of
inherited bleeding diseases. Blood 14: 3423–31.

Peyvandi F, Palla R, Menegatti M et al. (2012) Coagulation factor activ-
ity and clinical bleeding severity in rare bleeding disorders: results
from the European Network of Rare Bleeding Disorders. Journal of
Thrombosis and Haemostasis 10: 615–21.

Ruiz-Saez A (2013) Occurrence of thrombosis in rare bleed-
ing disorders. Seminars on Thrombosis and Hemostasis 39:
684–92.

742

http://eu.rbdd.org/


CHAPTER 40

40Acquired coagulation disorders
Peter W Collins1, Jecko Thachil2 and Cheng-Hock Toh3

1School of Medicine, Cardiff University, University Hospital of Wales, Cardiff, UK
2Department of Haematology, Manchester Royal Infirmary, Manchester, UK
3Roald Dahl Centre, Royal Liverpool University Hospital, Liverpool, UK

Introduction

Acquired disorders of haemostasis are a heterogeneous group of
conditions with varied and often complex aetiologies. Patients
may have multiple and overlapping causes for bleeding and dis-
tinct conditions often have similar pathophysiologies. In order
to manage acquired haemostatic failure it is important to under-
stand themechanisms by which haemostatic disturbance occurs
and how these apply in different ways to a variety of conditions.
Systemic disease may present to haematologists with symp-

toms of bleeding or bruising or abnormalities of coagulation
tests. Alternatively, patients with known disorders may need
haematological input tomanage symptomsor at the time of inva-
sive procedures. Assessment of patients with symptoms of bleed-
ing or bruising requires clinical review and laboratory investi-
gation. Serial laboratory testing is often required because the
haemostatic disturbance may evolve rapidly. The possibility of
a congenital disorder should be considered.
Haematologists are also often involved in the management of

acutely bleeding patients whomay have complexmedical condi-
tions and in whom bleeding is usually multifactorial. Critical to
optimizing themanagement of these patients is a well-organized
multidisciplinary team approach. Hospitals should have systems
in place to respond rapidly to massive haemorrhage and hospi-
tal transfusion committees should establish protocols for these
medical emergencies. Laboratories should be geared to produc-
ing accelerated full blood count (FBC) and coagulation results.
The rapid supply of blood products and efficient transfer of these
to the patient is vital to success and ‘Fire drills’ to test responses
to emergencies are good practice.

Tests of coagulation and point-of-care
testing

Routine tests of haemostasis

To investigate a patient suspected of an acquired haemostatic
defect, a platelet count is required and examination of the
blood film is often useful. Routine coagulation tests include
the prothrombin time (PT), activated partial thromboplastin
time (APTT), thrombin time (TT) and Clauss fibrinogen level.
Derived fibrinogen assays should not be used because results are
likely to be misleading.
If screening tests are abnormal, correction studies help to dis-

tinguish factor deficiencies from inhibitors. Comparison of TT
with the reptilase time will establish whether abnormal results
are due to heparin. Measurement of fibrin breakdown products,
such as D-dimers, is required for investigation of possible dis-
seminated intravascular coagulation (DIC). Further measure-
ment of individual coagulation factor and vonWillebrand factor
(VWF) levels may be required. Assessment of platelet function
may be useful in some circumstances, through platelet aggre-
gation studies, platelet nucleotides or a bleeding time, although
these results may be difficult to interpret in the context of an
acquired haemostatic defect. The role of global platelet function
analysers remains to be defined, but these are available in many
hospitals.

Thromboelastometry
Tests based on thromboelastometry are point-of-care tests that
assess the viscoelastic properties ofwhole blood under low-shear
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Figure 40.1 Representative thromboelastographic trace.

conditions (Figure 40.1). Theirmain advantage is the assessment
of the different components of clot formation, including platelets
and coagulation factors, and rapid availability of results. They are
used to guide blood product administration in patients under-
going liver transplantation and cardiopulmonary bypass. Other
reported uses include the assessment of coagulation in liver dis-
ease, neonates, obstetrics and trauma, although more studies
are required to validate their role. The two main instruments
are TEG and ROTEM, which measure the viscoelastic proper-
ties of an evolving clot in similar, but distinct ways. Results are
displayed graphically and show the developing and dissolving
clot.Different activators are available andheparinase cups can be
used to investigate heparinized samples. Tests that correlate with
fibrinogen levels are available. If thromboelastometry is used,
hospitals should have agreed algorithms for interpretation and
infusion of blood products.

Thrombin generation assays
These tests measure the amount of thrombin generated over
time and may reflect an individual’s coagulation potential. They
are not available in routine practice. Assays are initiated by the
addition of a trigger, usually tissue factor (TF), to recalcified
plasma in the presence of phospholipids. Thrombin is detected
through cleavage of a chromogenic or fluorogenic substrate.
When low concentrations of TF are used, contact activation
must be inhibited by corn trypsin inhibitor. Several variations
of these assays have been developed by varying the concentra-
tions of TF, corn trypsin inhibitor, phospholipid and protein-C-
sensitizing reagents such as soluble thrombomodulin. Thrombin
generation tests have been studied in the context of haemophilia,
including monitoring of inhibitor bypass agent therapy. Other
studies have examined thrombophilia and liver disease and
monitoring of anticoagulant therapy and warfarin reversal. The
clinical utility of many of these potential applications remains to
be demonstrated.

APTT biphasic waveform
The multichannel discrete analyser generates an optical
profile charting changes in light transmittance during clot
formation on the routine APTT. In contrast to the sig-
moidal appearance of a normal APTT waveform, a ‘biphasic’
appearance correlates with acquired haemostatic dysfunction
(Figure 40.2). The reliability of this method has been validated
in several reports and correlates with the diagnosis of overt
DIC according to the International Society for Thrombosis
and Haemostasis (ISTH) criteria. This biphasic response is due
to calcium-dependent complex formation between C-reactive
protein and very low-density lipoprotein, which has been shown
to increase thrombin generation.

Activated clotting time
This test is used to monitor anticoagulation with heparin dur-
ing cardiopulmonary bypass (CPB) surgery. It uses whole blood
and has a linear response at the high concentrations of heparin
used during CPB. The APTT cannot be used because plasma is
unclottable using this method at these heparin concentrations.
Measured using a specialized analyser, the activated clotting
time (ACT) reference range varies according to the method and
usually falls within 70–180 s.During heparinization forCPB, the
goal is to exceed 400–500 s. Off-pump cardiac surgery has been
described using less anticoagulation and lower ACT reference
ranges of 200–300 s.

Disseminated intravascular coagulation

DIC is characterized by the loss of localization or compensated
control of intravascular activation of coagulation. Arising from
diverse causes (Table 40.1), its pathology can manifest systemi-
cally and contribute to a worse prognosis for the patient. Uncou-
pling of the highly regulated balance between procoagulant,
anticoagulant, profibrinolytic and antifibrinolytic processes can
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Figure 40.2 Representative normal and biphasic
waveforms. Activated partial thromboplastin time
waveform patterns: (a) normal; (b) biphasic. Dashed
lines denote transmittance level at 18 s (TL18) as the
quantitative index: (a) TL18 = 100; (b) TL18 = 63.

Table 40.1 Clinical conditions associated with disseminated
intravascular coagulation.

Sepsis/severe infection
Potentially any microorganism, including Gram-positive and
Gram-negative bacteria, viruses, fungi and rickettsial
infections

Malaria and other protozoal infections

Trauma
Serious tissue injury
Head injury
Fat embolism
Burns

Malignancy
Solid tumours
Haematological malignancies (e.g. acute promyelocytic
leukaemia)

Obstetric complications
Placental abruption
Amniotic fluid embolism
Pre-eclampsia
Intrauterine fetal demise

Vascular abnormalities
Giant haemangiomas (Kasabach–Merritt syndrome)
Large vessel aneurysms (e.g. aortic)

Severe toxic or immunological reactions
Snake bites
Recreational drugs
Severe transfusion reactions
Transplant rejection

Miscellaneous
Severe pancreatitis
Heat stroke
ABO mismatch transfusion

result in simultaneous bleeding and microvascular thrombosis
at different vascular sites (Figure 40.3). Removal of the inciting
cause is the bestmeans of restoring haemostatic control, butmay
not be possible. Sepsis and trauma causemore than half the cases
of DIC.

Pathophysiology

There are several important themes in the pathophysiology of
DIC (Figure 40.3): first is the central role played by the gener-
ation of thrombin; second, mechanisms that perpetuate throm-
bin generation become pathogenic in its dissemination; third,
parallel and concomitant activation of inflammation and fourth,
the importance of the endothelial microvasculature in this
process.
Excess bleeding in DIC is partly attributable to the depletion

of coagulation factors and platelets. However, other factors may
contribute, including abnormal platelet function and hyperfib-
rinolysis. Conversely, microvascular thrombosis can be precip-
itated by reduced levels of circulating anticoagulant proteins as
well as loss of receptors, such as thrombomodulin. Endothelial
dysfunction can also lead to the depletion of nitric oxide and
result in uninhibited platelet activation.

Thrombin generation in vivo
The TF pathway plays the major role in initiating thrombin gen-
eration. In sepsis, infecting micro-organisms induce TF expres-
sion on monocytes and other inflammatory cells, while in
trauma thromboplastin-like substances can be released from
injured tissues such as the brain. During obstetric complica-
tions, the placenta and amniotic fluid act as rich sources of
TF, while malignant cells release products with TF-like activ-
ity. Although the TF pathway is considered more important in
thrombin generation, the contact pathway through factor (F)XII
activation contributes to the pathological state by activation of
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Figure 40.3 The changes in disseminated intravascular
coagulation are compared with the normal coagulation. The excess
thrombin generation in DIC leads to either bleeding or thrombosis
(left) based on the predominant coagulation change (right) which

has occurred. The therapeutic intervention in each setting is given
by the arrow towards each double box. TAFI, thrombin activatable
fibrinolysis inhibitor; PAI, plasminogen activator; AT,
antithrombin.

the kallikrein–kinin system, causing vasodilatation, hypotension
and activation of fibrinolysis.

Mechanisms for disseminating and sustaining
thrombin generation
When the inciting insult is persistent or severe, the amount of
thrombin generated becomes continuous and excessive. This can
lead to consumption and depletion of coagulation and antico-
agulant factors. Increased exposure of negatively charged phos-
pholipid surfaces facilitates the assembly and enhances the rate
of coagulation reactions. Such surfaces, mainly rich in phos-
phatidylserine, are provided by externalization of the inner
leaflet of cell membranes upon activation and apoptosis. Cell
damage also leads to the generation of microparticles from
platelets,monocytes and endothelial cells that increase the circu-
lating surface area for coagulation reactions. Phospholipid sur-
faces are also provided by very low-density lipoprotein, which
can increase several-fold in severe sepsis to further enhance
and sustain thrombin generation. Together, these mechanisms
promote a spatially and temporally expanded response that is
the hallmark of DIC.

Links between inflammation and coagulation
Once activated, the inflammatory and coagulation pathways
interact to amplify the response. Cytokines and proinflamma-
tory mediators such as tumour necrosis factor (TNF), inter-
leukin (IL)-1 and high mobility group box protein (HMGB)-
1 induce activators of coagulation. Thrombin and other
serine proteases interact with protease-activated receptors
(PARs) on cell surfaces to promote inflammation. When this
process escapes the well-developed local checks, it results in
a dysregulated response that fuels a vicious cycle. An impor-
tant role for the complement system has also been increasingly
identified in DIC. Thrombin can convert C5 to C5a, while the
mannan-binding lectin pathway triggers coagulation by con-
verting prothrombin to thrombin.

Endothelial cell activation and dysfunction
Dysfunction and failure of the endothelium beyond the host
adaptive response can lead to the development of DIC. The
degree to which this occurs and the dominance of throm-
botic or bleeding sequelae depend on genetic and other host-
related factors. Damage to and activation of the endothelium
downregulates and depletes its anticoagulant receptors, such as
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thrombomodulin and endothelial protein C receptor, exposes
subendothelial collagen that binds activated platelets, and
releases plasminogen activator inhibitor (PAI)-1, which inhibits
fibrinolysis and ultra-large VWF multimers, which increase
platelet aggregation.

Neutrophil extracellular traps and histones
In contrast to the well-known modes of cell death like apop-
tosis or necrosis, a unique type of neutrophil death has been
recently described known as NETosis. This process, where neu-
trophils release extracellular traps (NETs), can aid in the removal
of pathogens. At the same time,NETs can activate coagulation by
assisting in the extracellular delivery of tissue factor, degrade tis-
sue factor pathway inhibitor, stimulate platelets and cause aggre-
gation, and also cause endothelial damage. In other words, a
beneficial antimicrobicidal function in septic states can turn to
become deleterious, causing disseminated coagulation. Another
pathogenic player in DIC is the most abundant protein in the
nucleus, histones. High levels of histones have been detected in
the plasma of experimental animals, and human patients with
sepsis and trauma, common causes of DIC. Extracellular his-
tones released after cell damage can cause massive thromboem-
bolism associatedwith consumptive coagulopathy and aremajor
mediators of death in sepsis. It can also cause acute lung injury
in trauma models and may be a useful therapeutic target.

Clinical features

The perturbed coagulation associated with DIC can man-
ifest clinically at any point in a spectrum varying from

bleeding to thrombosis. Although bleeding, ranging from
oozing at venepuncture sites to major gastrointestinal or
intracranial haemorrhage, is the archetypal and most obvious
manifestation of DIC, organ failure due tomicrovascular throm-
bosis is more common and often unrecognized. For example,
in meningococcal septicaemia and rarely pneumococcal infec-
tion, thrombosis of the adrenal vessels can lead to adrenal insuf-
ficiency and Waterhouse–Friderichsen syndrome.

Diagnosis

DIC is a clinicopathological syndrome and, as such, there is no
single laboratory test that can confirm or refute the diagnosis.
In clinical practice, the diagnosis is usually made by a combina-
tion of routinely available coagulation tests in a clinical situation
where DIC is suspected. DIC must be differentiated from other
acquired disorders of haemostasis (Table 40.2). The typical find-
ings are a prolonged PT and APTT, elevated products of fibrin
breakdown (e.g. D-dimer), thrombocytopenia and reduced fib-
rinogen. However, results within the normal range for these tests
do not exclude a significant consumptive coagulopathy, because
the acute-phase response shortens the APTT and increases fib-
rinogen. A fall in platelet number within the normal range may
be significant.
It is important to recognize that DIC is a dynamic process and

thus interpreting a series of laboratory tests over time is more
relevant than looking at a single set of results. The ISTH Sub-
Committee of the Scientific and Standardization Committee on
DIC has recommended the use of a scoring system for overt DIC
(Table 40.3). This has been prospectively validated, indicating

Table 40.2 Differential diagnosis of disseminated intravascular coagulation (DIC).

Condition Similarities Differences

Liver disease Bleeding common
PT, APTT abnormal
Platelet count low
Fibrinogen low

D-dimer usually normal∗

FVIII levels not affected

Microangiopathic haemolytic anaemia
(e.g. HELLP, TTP)

Microthrombi common
Platelet count low

Bleeding uncommon
Coagulation tests normal†

Hyperfibrinolysis PT, APTT abnormal
Fibrinogen low

Platelet count normal

Catastrophic antiphospholipid antibody
syndrome

PT, APTT abnormal
Platelet count low

Fibrinogen not low
D-dimer normal‡

Massive transfusion PT, APTT abnormal
Fibrinogen low
Platelet count low

D-dimer normal

∗Unless additional disorders which increase the D-dimer coexist.
†Unless coexisting DIC.
‡Some antibodies can affect the D-dimer results.
HELLP, haemolysis, elevated liver enzymes, low platelet count (syndrome); TTP, thrombotic thrombocytopenic purpura.
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Table 40.3 ISTH Sub-Committee of the Scientific and
Standardization Committee on DIC recommended scoring system
for overt disseminated intravascular coagulation (DIC).

1 Risk assessment: does the patient have an underlying disorder
known to be associated with overt DIC?
If yes, proceed
If no, do not use this algorithm
2 Order global coagulation tests (platelet count, PT, fibrinogen,
soluble fibrin monomers or FDPs)
3 Score global coagulation test results
Platelet count (×109/L): >100, score 0; <100, score 1; <50,
score 2

Elevated fibrin-related marker (e.g. soluble fibrin monomers
or FDPs): no increase, score 0; moderate increase, score 2;
strong increase, score 3

Prolonged PT (s): <3, score 0; >3 but <6, score 1; >6, score 2
Fibrinogen (g/L): <1 g/L score 1, fibrinogen ≥1 g/L score 0
4 Calculate score
5 Score ≥5 compatible with overt DIC. Repeat scoring daily

FDPs, fibrin degradation products; PT, prothrombin time.

a very high sensitivity and specificity. A strong correlation
between an increasingDIC score andmortality has been demon-
strated. The optical light transmittance profile of the APTT,
referred to as the biphasic waveform, has also been shown to
correlate well with the overt DIC score. The biphasic waveform
occurs independently of prolongation in the clotting times in
patients with DIC.

Treatment

The mainstay of treatment of DIC is to remove the underly-
ing cause. However, DIC often continues after appropriate treat-
ment for the underlying condition. Supportive therapy with
blood productsmay be necessary. Although the efficacy of blood
product replacement has not been proven in randomized con-
trolled trials, it is a biologically rational option to replace both
thrombin-promoting and thrombin-opposing proteins, partic-
ularly when there is significant depletion of these factors in a
patient who is either bleeding or at risk of bleeding. In those
patients not bleeding, transfusion of platelets or plasma in
patients withDIC should not be undertaken based on laboratory
results. There are no clinical or experimental data to suggest that
platelet or plasma transfusions worsen the thrombotic process.
In patients with DIC and bleeding or at high risk of bleed-

ing (e.g. after invasive procedures) and a platelet count less than
50 × 109/L, transfusion of platelets should be considered, espe-
cially because platelet function may be impaired. In bleeding
patients with DIC and prolonged clotting times, fresh-frozen
plasma (FFP) should be administered. If fluid overload is an

issue, prothrombin complex concentrates (PCCs) could be con-
sidered, but these will only correct vitamin-K-dependent com-
ponents. Activated PCCs may precipitate or worsen DIC. Severe
hypofibrinogenaemia (<1.5 g/L) requires the use of fibrinogen
concentrate or cryoprecipitate to correct.
A recent large trial in patients with severe sepsis showed a

non-significant benefit of low-dose heparin on mortality and
suggested that this is continued in patients with DIC and abnor-
mal coagulation parameters, in the absence of overt bleeding.
Notably, these patients are at highest risk of venous thromboem-
bolism due to immobility, recent surgery and a proinflammatory
state. However, the role of heparin remains controversial and
unproven. A prophylactic dose of low-molecular-weight hep-
arin is given to the high-risk patients with no evidence of active
bleeding.
Since reduction of natural anticoagulants is often observed,

trials using these agents have been conducted. Although acti-
vated protein C was noted to be beneficial in the initial stages,
the latest evidence has shown no clear benefit and the use of
APC for DIC is not recommended anymore. Similar results were
found with antithrombin, although this agent continues to be
used in Japan. Initial promising results have been shown with
thrombomodulin, but further studies are required. Studies from
Japan have demonstrated that, in comparison with unfraction-
ated heparin, recombinant thrombomodulin helped with DIC
resolution rates in patients with infection and haematological
malignancy.

Haemostatic dysfunction in acute
promyelocytic leukaemia

Acute promyelocytic leukaemia (APL), in particular the micro-
granular variant (AML-M3v), is associated with major coag-
ulation disturbance, including DIC in at least 80% of cases.
Although the introduction of all-trans retinoic acid (ATRA)
and arsenic trioxide as differentiation agents has markedly
reduced the rate of early haemorrhagic death and almost 90%
of patients are cured, the 10% mortality from bleeding compli-
cations has not improved. Bleeding does not correlate with the
clotting parameters, but with a high white cell count (see also
Chapter 20).
The cause remains poorly understood and probably relates to

enhanced proteolysis, including fibrinolysis and disruption of
endothelial barrier integrity. APL blast cells express TF and can
also stimulate the production of inflammatory cytokines, which
can further amplify TF levels and promote thrombosis. Cancer
procoagulant, a cysteine proteinase detected on APL blast cells,
can activate FX independent of FVII. Both these procoagulants
are noted to be progressively reduced once patients have been
commenced on ATRA. ATRA has also been demonstrated to
inhibit vascular endothelial growth factor (VEGF) production,
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which indirectly limits TF production. Annexin II expression
is enhanced on the surface of blast cells and can act as a cell
surface receptor for plasminogen and its activator, tissue plas-
minogen activator (tPA). Elastase, cathepsin-G and proteinase-
3 are present in the granules of the APL blasts and can directly
degrade fibrinogen, α1-antitrypsin, C1 esterase inhibitor and
VWF, inducing the loss of high-molecular-weight multimers.
Management of the haemostatic abnormalities revolves

around supportive care, including platelet transfusions to main-
tain a count of at least 30 × 109/L (or 50 × 109/L if the patient is
bleeding) and the adequate replacement of fibrinogen to at least
1.5 g/L. The use of antifibrinolytic agents is supported by some
evidence, but remains controversial. Although markers of coag-
ulation activation and fibrinolysis fall rapidly and completely fol-
lowing the start of ATRA therapy, there appears to be a slower
resolution of procoagulant markers (up to 30 days). This may
partly explain the clinical observation of thromboembolic events
occurring in patients on ATRA, and thus prophylactic use of
low-molecular-weight heparin or other anticoagulants should
be considered once bleeding manifestations have settled.

Vitamin K and related disorders

Vitamin K metabolism

Vitamin K (‘K’ denoting Koagulation) is a group of lipophilic
and hydrophobic vitamins that are needed for the post-
translational modification of proteins. Vitamin K is a cofac-
tor for vitamin-K-dependent carboxylase, an enzyme that
catalyses the carboxylation of glutamic acid (Glu) residues in
several proteins (Figure 40.4). This reaction results in vitamin
K 2,3-epoxide, which is recycled to reduced vitamin K by vita-
min K epoxide reductase (VKOR), the enzyme inhibited by
coumarin anticoagulants.
The Gla domains of the vitamin-K-dependent coagulant and

anticoagulant proteins (FII, FVII, FIX, FX and proteins C and S)
allow calcium-dependent binding to negatively charged phos-
pholipids of activated cell membranes. This enhances the rate

Vitamin KH2

Vitamin K Vitamin K epoxide

Glutamic
acid

γ-Carboxyglutamic
acid

Vitamin K epoxide
reductase

Vitamin-K-dependent
carboxylase

Figure 40.4 Vitamin K metabolism.

of the enzymatic reactions. In the bones, carboxylation of the
Gla protein osteocalcin is essential for incorporation of cal-
cium into hydroxyapatite crystals. Retrospective studies suggest
that long-term therapy with coumarin-based anticoagulants can
affect vertebral bone density and fracture risk.

Vitamin K deficiency

Vitamin K deficiency can occur at any age, but is more common
in infants because vitamin K does not cross the placenta, breast
milk has low levels and there is low colonic bacterial synthesis.
The clinical presentation of vitamin K deficiency in infants is
with bleeding. It was previously called ‘haemorrhagic disease of
the newborn’ but is now termed vitamin K deficiency bleeding
(VKDB). Supplementation of vitamin K is necessary to reduce
the risk of bleeding, especially in exclusively breast-fed babies.
A single intramuscular injection of vitamin K 1 mg prevents
VKDB; however, if oral replacement is used, prolonged admin-
istration is required, although the exact dose is controversial.
In adults, vitamin K deficiency is uncommon due to recy-

cling of the vitamin and an adequate gut flora. However, a poor
dietary intake in combination with antibiotic therapy can cause
deficiency. Other causes of vitamin K deficiency include malab-
sorption and cholestatic liver disease (poor enterohepatic circu-
lation).
Vitamin-K-dependent coagulation factors in healthy full-

term infants are about half of normal adult values. Adult values
are reached by about 6 months, except for protein C, which does
not reach adult levels until adolescence. Coagulation tests should
be compared with age-matched reference ranges to distinguish
physiological and pathological deficiencies.
VKDB in young children has been classified into early,

classical and late types. The clinical features are shown in
Table 40.4. The diagnostic criteria for VKDB include a PT more
than four times control in the presence of at least one of: (i) a
normal platelet count, normal fibrinogen level and absent fib-
rinogen degradation products, (ii) normalization of coagulation
tests after parenteral vitamin K administration or (iii) the pres-
ence of proteins induced by vitamin K absence or antagonism
(PIVKA) in plasma. The presence of PIVKA without a coagula-
tion deficit is a marker of subclinical vitamin K deficiency.
The treatment of a non-life-threatening bleed is with vitamin

K1 (phytomenadione) given slowly intravenously. A dose of 1–2
mg is enough to fully correct the deficiency in infants aged up
to 6 months, higher doses offering no advantage in efficacy or
speed of reversal. There have been reports of anaphylactic reac-
tions although these are rare. The PT should improve within 48
hours and if this has not occurred after three doses, continuation
of vitamin K in most cases is unlikely to help. Oral replacement
may be used if there is no active bleeding and absorption is nor-
mal. Patients with severe bleeding should be treated with FFP
or PCC.
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Table 40.4 Features of vitamin K-deficiency bleeding (VKDB).

Early VKDB Classical VKDB Late VKDB

Presentation First 24 hours of life Days 2–7 of life Day 8 to 6 months of life
Cause Infants of mothers on

vitamin-K-inhibiting drugs
Inadequate feeding Cholestasis or malabsorption

syndromes
Clinical presentation Severe, with intracranial and

intrathoracic bleeds
Milder, with gastrointestinal or
umbilical bleeds being
common

Severe, with high incidence of
intracranial bleeds with ‘warning
bleeds’ in up to one-third

Incidence of intracranial
haemorrhage

High Rare Very high

Poisoning following the accidental ingestion of large doses of
warfarin or compounds with similar properties is suggested by
poor correction of PT or International Normalized Ratio (INR)
with normal doses of vitamin K. Serum assays of warfarin con-
centration can be undertaken for confirmation.

Haemostatic disturbance in liver disease
(Figure 40.5)

Almost all procoagulant factors, natural anticoagulants and
inhibitors of coagulation are synthesized in the liver. The liver
is also involved in the clearance of activated clotting factors. The
effect of liver disease on haemostasis is therefore complex and
a balance between procoagulant and antithrombotic changes
(Figure 40.5; Table 40.5). Routine coagulation tests such as PT
and APTT are commonly prolonged in liver disease, but are
only sensitive to decreases in procoagulant factors and hence are

liable to over-estimation of the haemostatic defect. Patients with
liver disease have similar thrombin generation to healthy control
individuals, when tests are performed in the presence of throm-
bomodulin to make them sensitive to protein C deficiency.

Acute hepatitis

Patients with acute hepatitis are often thrombocytopenic
(platelets 100–150 × 109/L). The mechanism for this may be
immune, due to concurrent hypersplenism or DIC. Platelet
function may be impaired in acute hepatitis, although this is
unlikely to be of clinical significance. In acute liver disease,
biosynthesis of clotting factors is impaired and this may be
reflected in a prolongation of coagulation tests. The PT and FV,
FVII, antithrombin and protein C levels are the most sensitive
to hepatic biosynthetic dysfunction. The PT and FVII level pre-
dict survival in acute liver disease. The plasma fibrinogen may
be raised in acute hepatic disturbance as part of an acute-phase

Procoagulant
(a)

(b)

Antifibrinolytic Profibrinolytic Anticoagulant

Procoagulant Antifibrinolytic Profibrinolytic Anticoagulant

Thrombosis

Bleeding

Figure 40.5 Haemostatic disturbance in liver
disease. The haemostatic system in liver disease
(bottom) compared with normal haemostasis (top).
In normal healthy adults, the procoagulant and
anticoagulant systems and the profibrinolytic and
antifibrinolytic systems form a balance that is not
easily disturbed. In patients with liver impairment,
all four components are variably reduced and
additional stimuli like infections or renal failure can
upset the balance very easily, leading to either
bleeding or thrombosis.
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Table 40.5 Causes of increased bleeding tendency or coagulation
abnormalities in liver disease.

Decreased coagulation factors
Decreased synthesis
Vitamin K deficiency
Increased clearance
Abnormal coagulation factors due to hypocarboxylation

Decreased platelets
Sequestration in spleen or liver
Thrombopoietin deficiency
Destruction due to toxins or antiplatelet antibodies or toxins
Toxic effect of alcohol on marrow

Dysfunctional platelets
Altered platelet arachidonic acid metabolism
Defective signal transduction
Storage pool deficiency
Abnormalities of the platelet glycoprotein
Increased platelet inhibitors nitric oxide and prostacyclin

Hypofibrinogenaemia
Impaired synthesis
Loss into extravascular spaces (ascites)
Increased catabolism
Loss due to massive haemorrhage

Dysfibrinogenaemia: abnormal sialic acid content
Abnormal fibrinolysis

Increased release and decreased clearance of tissue
plasminogen activator
Decreased synthesis of α2-antiplasmin, plasminogen and
thrombin-activated fibrinolysis inhibitor

Infections
Endogenous heparinoids: anti-FXa activity
Renal failure
Sinusoidal endothelial cell dysfunction
Hypothermia

response and a low fibrinogen is associated with a poor progno-
sis. A pattern of reduced fibrinogen and increased fibrin degra-
dation products seen in acute liver disease may be due to hyper-
fibrinolysis.

Chronic liver disease

Low platelet count and abnormal platelet function are also com-
mon in chronic liver disease. Mild to moderate thrombocytope-
nia is noted in up to 30% of patients with chronic liver impair-
ment and in up to 90% of patients with terminal liver disease.
In patients with cirrhosis, this is frequently related to hyper-
splenism, secondary to portal hypertension. In addition, dietary
problems, such as folate deficiency and the direct toxic effect of
ethanol on megakaryocyte function, may contribute to throm-
bocytopenia. A more profound thrombocytopenia in patients
with hepatitis C virus (HCV) infection may be autoimmune,

although the response to steroids is poor; however, approxi-
mately half of adult patients treated with interferon-α responded
with a rise in platelet count. More recently, thrombopoietin
receptor agonists have been shown to increase platelet counts
to more than 100 × 109/L in the majority of patients with
cirrhosis associated with HCV infection, in a dose-dependent
manner.
A variety of platelet function abnormalities has also been

demonstrated in liver disease, whilst VWFmay be increased ten-
fold and has been shown to support platelet adhesion despite
reduced functional capacity. However, desmopressin did not
show any efficacy in reducing blood loss in patients undergoing
partial liver resection or liver transplantation.
Coagulation factor and natural anticoagulant synthesis is

affected by chronic liver disease. FIX is usually reduced less than
FII, FVII, FX and protein C. The levels of these factors, espe-
cially FVII, have been demonstrated to fall proportionately with
increasing severity of disease, with levels of FVII shown to be
an independent predictor of survival (level below 34% associ-
ated with 93% mortality). Chronic liver impairment also leads
to vitamin K deficiency, mainly by decreased absorption from
the gut as a result of reduced bile salt secretion in cholesta-
sis (parenteral vitamin K responsive) and decreased synthesis
in parenchymal disease (parenteral vitamin K non-responsive).
The PT has been incorporated into prognostic indices of chronic
liver disease, such as the Child–Pugh andMayo End-Stage Liver
Disease scores. Despite the prolongation of clotting tests such
as PT and APTT, bleeding after liver biopsy or other poten-
tially haemorrhagic procedures in patients with cirrhosis is rare,
suggesting that these tests are not on their own indicative of
the haemorrhagic tendency. The levels of anticoagulant proteins,
antithrombin and proteins C and S are reduced in a similarman-
ner to other clotting factors, thus potentially providing a net
balance in haemostasis. It is common practice to use the INR
instead of the PT to access patients with liver disease. However,
the INR is standardized for patients taking vitamin K antago-
nists and its use in patients who have liver disease would require
determination of an international sensitivity index (ISI) relevant
to liver disease and recently, attempts have been made to derive
ISIliver and so INRliver.
Most patients with stable chronic liver disease have normal

or increased fibrinogen, although in advanced disease fibrino-
gen falls. This may be due to impaired synthesis, loss into
extravascular spaces (ascites), increased catabolism or massive
haemorrhage. Some patients develop dysfibrinogenaemia due
to increased activity of sialyltransferase expressed by imma-
ture hepatocytes generated during hepatic injury, which leads to
low-molecular-weight fibrinogen with abnormal α-chains and
higher sialic acid content. Dysfibrinogenaemia is reflected by a
prolonged TT and/or reptilase time, with the fibrinogen anti-
gen level reduced less than the Clauss fibrinogen. Cirrhosis can
also be associated with accelerated fibrinolysis due to decreased
clearance of tPA, and decreased synthesis of α2-antiplasmin
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and thrombin-activatable fibrinolysis inhibitor (TAFI). Also, the
levels of plasminogen (a fibrinolytic) are reduced and those of
PAI-1 (an antifibrinolytic) are high in liver disease, ultimately
providing a balance for the fibrinolytic system. However, hyper-
fibrinolysis has been found to be a predictor of the first episode
of upper gastrointestinal bleeding in cirrhotic patients with por-
tal hypertension. Life-threatening haemorrhage in patients with
liver disease is often related more to portal hypertension (the
localized coagulation problem is termed ‘accelerated intravascu-
lar coagulation and fibrinolysis’) than to net dysfunction of the
clotting cascade, wherein the varices play a major part. Renal
failure is also common in advanced liver disease (hepatorenal
syndrome), which can impart a bleeding risk.
The management of a bleeding patient with hepatic dysfunc-

tion depends on the site of bleeding and the haemostatic dys-
function. Clotting function should be assessed by means of the
PT, APTT, TT, and fibrinogen and D-dimer levels, although
the results should be interpreted in the clinical context before
transfusions are undertaken. Vitamin K should be administered
intravenously (10 mg daily for 3 days) to aid biosynthesis of
vitamin-K-dependent factors. The widespread practice of man-
aging the coagulopathy of liver disease with transfusions of FFP
or platelets should only be considered in the presence of active
bleeding. Large volumes of FFP may be required and this may
present a management problem in patients with hepatic disease
who are at risk of fluid overload. Prothrombin complex con-
centrates are increasingly being used in this setting to minimize
the risk of fluid overload, although these products are associated
with a theoretical risk of thrombosis. Platelet transfusionmay be
necessary, although platelet recovery may be reduced because of
hypersplenism or immune-mediated destruction. There are no
evidence-based guidelines to establish safe coagulation levels for
liver biopsy and similar procedures and as such it is important
to allow these only when the benefits outweigh the risks (trans-
jugular route is safer than percutaneous for liver biopsy). Cor-
rection of the coagulopathy is particularly important before the
placement of an intracranial pressure transducer in patients with
hepatic encephalopathy. Spontaneous intracranial bleeding has
been reported in such patients, though rarely, and this remains
one of the principal concerns regarding abnormal coagulation
in liver disease. In patients with evidence of increased fibrinol-
ysis, antifibrinolytic drugs such as tranexamic acid should be
considered.

Liver transplantation

The changes in the balance of haemostasis seen during liver
transplantation are complex and multifactorial and can be due
to surgical and non-surgical causes. Traditionally, the process of
liver transplantation is split into three stages: stage I, the pre-
anhepatic stage, which ends with the occlusion of the recipi-
ent’s hepatic blood flow; stage II, the anhepatic phase, which
ends with the re-perfusion of the donor liver; and stage III,

the reperfusion and neohepatic period. The risk of bleeding
in the preanhepatic stage is related directly to the preopera-
tive haemorrhagic risk related to the underlying liver disease.
A reduction in procoagulant factors may be seen, especially if
large blood losses necessitate transfusion, leading to the dilution.
During the anhepatic stage, studies have reported enhanced fib-
rinolytic activity. Reperfusion of the liver during the postan-
hepatic phase is associated with a dramatic increase of
fibrinolysis in almost three-quarters of patients. Usually, hyper-
fibrinolysis subsides within an hour, but in a damaged donor
liver, sustained increased fibrinolytic activity may be observed.
The endothelium of the donor liver is an important source of
tPA; the ischaemic damage to the graft during preservation
may explain the dramatic increase in plasminogen activators.
After re-perfusion, the release of heparin-like compounds has
also been shown. In the postoperative period, a reduction in
platelet count is related to platelet activation and blood loss, in
addition to low thrombopoietin levels. The levels of this hor-
mone increase significantly on the first day after liver synthetic
function is restored, with the platelet count normalizing in two
weeks.
There is little evidence that one can predict the transfusion

requirement of a patient by examining the preoperative coagula-
tion results. The profound coagulation abnormalities seen in ful-
minant hepatic failure should be corrected preoperatively; how-
ever, correction of a mild coagulopathy in a patient with chronic
liver disease is less likely to be of benefit. During surgery, the aim
is to transfuse blood components to prevent the development of
intractable coagulopathy. Near-patient tests of haemostasis per-
formed on whole blood are often used in theatre to complement
the tests performed in the coagulation laboratory. Many depart-
ments use algorithms based on coagulation and near-patient
testing to guide FFP, red cell, cryoprecipitate and platelet trans-
fusion during the procedure. Aprotinin can be administered to
counteract the increase in fibrinolysis observed.

Hypercoagulability in liver disease

Tipping of the balance in the complex interplay between
endogenous procoagulants and the anticoagulant system in liver
disease can lead to a hypercoagulable state, in contrast to the
common assumption of an ‘autoanticoagulated state’. The hyper-
coagulable events may be clinically evident, as with portal vein
thrombosis and venous thromboembolism, but in themicrovas-
culature can contribute to portopulmonary hypertension, liver
fibrosis, thrombosis of extracorporeal circuits and progression
of non-alcoholic steatohepatitis to cirrhosis. Hypercoagulation
in liver disease may be related to poor flow, endothelial dysfunc-
tion and vasculopathy associated with a chronic inflammatory
state, increased levels of FVIII and VWF, or decreased synthesis
of the naturally occurring anticoagulant proteins. Hepatic fibro-
genesis may be caused by tissue ischaemia and direct thrombin-
mediated stellate cell activation by PAR-1 cleavage.
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Haemostatic disturbance in renal disease

Bleeding was a frequent cause of morbidity and mortality in
patients with renal failure before the advent of dialysis. Common
manifestations are gastrointestinal bleeding from angiodysplasia
and peptic ulcers, as well as prolonged bleeding from skin punc-
ture sites. Subdural haematomas and haemorrhagic pericarditis
are also seen, although bleeding at the time of renal biopsy is
rare. Bleeding is seen despite normal or elevated circulating lev-
els of coagulation factors, suggesting that platelet abnormalities
are the likely cause. This is supported by the finding of a pro-
longed bleeding time and reduced platelet aggregation to vari-
ous agonists. Severe thrombocytopenia (platelets <50 × 109/L)
secondary to renal failure is rare and its presence should suggest
concomitant conditions such as HCV infection or vasculitis.
Platelet dysfunction with renal failure is multifactorial and

can be divided into: (i) intrinsic platelet defects, (ii) abnor-
mal interaction of platelets with the endothelium, (iii) effects
of uraemic toxins, (iv) effects of anaemia on platelets and (v)
dialysis-related. Intrinsic platelet abnormalities reported in asso-
ciation with uraemia are shown in Table 40.6. The interaction
between uraemic platelets and the endothelium can bemarkedly
reduced, due partly to impaired VWF binding to platelets and
increased endothelial production of nitric oxide, an inhibitor of
platelet aggregation. Uraemic patients with prolonged bleeding
times also have raised prostaglandin (PG)I2 levels.
Anaemia-related haemostatic dysfunction is primarily a result

of reduced displacement of platelets to the vessel wall by red cells.
Dialysis can improve bleeding symptoms. Antiplatelet drugs,
antibiotics (especially those that can accumulate in renal failure)
and heparin may contribute to the bleeding risk.
The bleeding time better correlates with clinical bleeding

than tests of renal function, although measurement is rarely
clinically useful. Adequate dialysis will improve symptoms and
the bleeding time in most patients. Intravenous, subcutaneous
or intranasal administration of desmopressin in conjunction
with antifibrinolytics has also been used successfully to control

Table 40.6 Platelet abnormalities reported in uraemia.

Decreased GPIb complexes
Reduced serotonin and ADP in the granules
Increased levels of cyclic AMP
Defective ristocetin-induced platelet aggregation
Abnormal mobilization of free cytoplasmic calcium in response

to agonists
Reduced release of arachidonic acid from membrane

phospholipids
Decreased conversion of arachidonic acid to thromboxane A2
Abnormal dense-granule and α-granule secretion
Abnormal cytoskeletal assembly
Deficient tyrosine phosphorylation

uraemic bleeding. Although the response is brief (4–8 hours),
the rapid onset of action is beneficial. Care is required to
avoid hyponatraemia. Desmopressin is also thought to improve
platelet function by the enhanced release of endothelial VWF
multimers and also by increasing the levels of platelet glycopro-
tein (GP)Ib/IX.
Correction of anaemia with recombinant human erythropoi-

etin so that the haematocrit exceeds 30% improves platelet inter-
action with the vessel wall and has also been shown to increase
the number of reticulated platelets. Other potentially beneficial
effects of recombinant human erythropoietin include improved
platelet intracellular calciummobilization, increased expression
of GPIb and improved platelet signal transduction.

Pregnancy-related haemostatic
dysfunction

Normal pregnancy is associated with physiological changes in
haemostasis, with increased levels of procoagulant proteins such
as fibrinogen, VWF and FVIII and a fall in anticoagulants such
as protein S. These changes partly contribute to the increased
risk of venous thromboembolism during pregnancy.
Obstetric haemorrhage is the most common cause of severe

pregnancy-related morbidity. The cause of bleeding is often
multifactorial, with a combination of physical and acquired
haemostatic defects. Consumption leads to depletion of platelets
and coagulation factors, particularly fibrinogen. A particularly
aggressive consumptive coagulopathy is seenwith amniotic fluid
embolus which is often fatal. Consumptive coagulopathy may
also be triggered by placental abruption, intrauterine fetal death,
pre-eclampsia and acute fatty liver of pregnancy. Once bleed-
ing and resuscitation has started, a dilutional coagulopathy may
exacerbate the haemostatic failure and contribute to the ongoing
bleeding.
Treatment requires rapid recognition of bleeding and a coor-

dinated response from obstetricians, midwives, anaesthetists
and haematologists. Physical methods to control bleeding
include the use of oxytocins to contract the uterus, B Lynch
sutures, intrauterine balloon tamponade and uterine artery
embolization. Assessment of haemostatic failure requires an
urgent FBC and a coagulation screen that includes a Clauss fib-
rinogen because the PT and APTT may be normal despite a
low fibrinogen. Thromboelastometry is becoming more com-
monly used because laboratory coagulation tests are often too
slow to manage patients adequately. Blood product replacement
is often required before the results of the blood test are avail-
able and empirical replacement therapy may be necessary. In
patients with severe haemostatic failure, a standard dose of FFP
(15 mL/kg) is unlikely to be adequate to correct the haemo-
static defect and the use of larger volumes should be anticipated.
Platelets should be maintained above 75 × 109/L and fibrino-
gen above at least 1.5–2 g/L (although the appropriate level is
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debated) if bleeding is ongoing. Multiple studies have shown
that a fibrinogen less than 2 g/L is associated with progres-
sion to severe postpartum haemorrhage. Some centres use fib-
rinogen concentrate in obstetric haemorrhage to rapidly cor-
rect this clotting factor. Fibrinogen concentrate is not licensed in
the UK and clinical studies are ongoing to assess its role during
obstetric bleeding. Some clinicians advocate the use of rFVIIa
if haemostasis cannot be secured by standard methods, but it
will not be useful in the presence of low fibrinogen or thrombo-
cytopenia and its use is empirical.
As soon as bleeding has been controlled the patient is likely

to be at high risk of venous thromboembolism; this should be
assessed and appropriate thromboprophylaxis started.

Haemostatic dysfunction associated with
cardiopulmonary bypass surgery

Coronary artery bypass graft (CABG) surgery is associated with
excessive bleeding in about 10%of cases. Re-operation for bleed-
ing is required in 3–10% of cases, with a mortality of about 30%.
Bleeding is more common with revision procedures and pro-
longed time on bypass. A surgically correctable source of bleed-
ingmay be found. Bleeding due to haemostatic disturbances can
be patient related or CPB related. Antiplatelet, anticoagulant or
fibrinolytic drugs, particularly at the time of emergency CABG
after stenting procedures, commonly contribute to perioperative
bleeding. Despite its antiplatelet activity, aspirin has not been
demonstrated to cause increased blood loss after CABG, and has
been shown to reduce the risk of death by one-third.
Haemostatic abnormalities associated with CPB are related

to the interaction of blood with the extensive non-endothelial
bypass surfaces and re-transfusion of pericardial blood. All
coagulation factors except factor VIII are reduced during CPB.
CPB decreases both the number and function of platelets.
Platelet counts fall by 25–60% within 15 min of first passage
of blood through the primed CPB circuit, in association with a
prolonged bleeding time. The platelet count rarely falls below
100 × 109/L and persistent or profound thrombocytopenia
should prompt consideration of alternative causes, including
heparin-induced thrombocytopenia.
The observed changes in platelet function in patients under-

going CPB are due to modification of membrane components
with loss of receptors, decrease in granule contents, aggrega-
tion to fibrinogen adsorbed onto the bypass circuit, mechanical
trauma, exposure to hypothermia and heparin. Following CPB,
platelet function returns to normal within 1 hour, although the
platelet count may take several days to normalize. Coagulation
factors fall because of haemodilution, which can be exacerbated
by use of cell-salvage systems. Fibrinolysis is also enhanced by
returned blood from the pericardiotomy suction.
Blood component administration in patients with excessive

bleeding related to CABG is often empirical, with replacement

of FPP and platelets. Near-patient whole-blood testing has been
used to assess haemostasis and fibrinolysis and has been shown
to help rationalize blood product usage. The off-licence use of
PCCs and fibrinogen concentrates has also been reported. Ran-
domized studies do not support the use of rFVIIa and it has been
associated with increased thrombotic adverse events.
Aprotinin has been used to reduce bleeding during CPB

by inhibition of fibrinolysis. Double-blind studies have con-
sistently shown its effectiveness in reducing blood loss in com-
parison with tranexamic acid, α-aminocaproic acid and desmo-
pressin. However, recent reports have shown a doubling of the
risk of renal failure requiring dialysis in patients undergoing
complex coronary artery surgery and a 55% increase in cardio-
vascular and cerebrovascular events. The use of aprotinin is cur-
rently contentious and under intense debate.

Haemostatic dysfunction associated with
trauma

Coagulopathy associated with trauma is multifactorial and the
important initiators include tissue injury, loss of procoagulant
factors and platelets, physiological and therapeutic haemodi-
lution, inflammation, hypothermia and acidosis. The localiza-
tion of coagulation to the sites of injury (in contrast to DIC
of sepsis) has made some experts use the term ‘acute coag-
ulopathy of trauma-shock’. Tissue damage in trauma initiates
coagulation via TF, with head injury causing release of brain-
specific thromboplastins into the circulation. Activation of the
thrombomodulin/protein-C pathway and reduced TAFI have
been described.
Massive blood loss leads to deficiencies of haemostatic factors

and up to half of the fibrinogen and one-third of platelets may
be lost before treatment of the injury has begun. Physiological
filling of the vascular space with fluid from cellular and intersti-
tial spaces, along with the administration of intravenous fluids
and plasma-poor red cells, causes haemodilution to worsen the
coagulopathy. Plasma expanders are also associated with antico-
agulant effects such as reduced VWF levels and their use should
be limited.
The presence of an abnormal coagulation test on arrival

in the emergency department correlates with the severity of
injury and the mortality rate. In one study an abnormal PT and
APTT increased the risk of mortality by 6.3-fold and 10.7-fold,
respectively.
Guidelines on triggers for blood product support are evolv-

ing and different specialties have produced variable advice; an
example is given in Table 40.7. Many trauma centres use throm-
boelastometry to guide blood product replacement. Recent
observations, predominantly based on experience of battlefield
trauma, have prompted recommendations for aggressive and
early plasma and platelet replacement with a ratio of 1:1:1 for
red cells, plasma and platelets. This strategy has been reported
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Table 40.7 Guide to blood product replacement in massive blood
loss.

1 Control bleeding using surgical and/or radiological
interventions
2 Restore an appropriate circulating blood volume
3 Control exacerbating factors: hypothermia and acidosis
4 Blood product support as detailed below

Red cells
Use O-negative red cells first
If no record of red cell antibodies, ABO- and Rh-compatible
cross-matched blood should be available within 30 min
(maximum 45 min)

Replace red cells as required to maintain circulating blood
volume

Use blood warmer to avoid hypothermia

Fresh-frozen plasma
Transfuse FFP to prevent coagulopathy to maintain PT and
APTT <1.5 times normal

If PT and APTT >1.5 times normal FFP at doses >15 mL/kg
will be required

Platelet transfusion
One to two adult doses after 1.5–2 blood volume replacement
(equivalent to 8–10 bags of red cells)

Transfuse at 75 × 109/L to maintain platelet count >50 × 109/L

Fibrinogen
Maintain at least >1.5 g/L
Cryoprecipitate (dose: two donation pools)
Fibrinogen concentrate (50 mg/kg will increase fibrinogen by
about 1g/L)

to improve outcome in non-randomized studies, but definitive
evidence is lacking. Issues such as hypothermia and acidosis
need to be addressed by using prewarmed fluids and extracor-
poreal warming devices and appropriate resuscitation. The role
of rFVIIa remains controversial.

Coagulopathy in massive blood loss

Massive blood loss is usually defined as one blood volume
(about 5 L in an adult) in 24 hours or 50% blood volume in
3 hours or more than 150 mL/hour. The associated coagu-
lopathy is complex and multifactorial. It is partly dilutional, as
blood is replaced with volume expanders and red cells, but DIC,
hypoxia, hypothermia and acidosis contribute in some clinical
situations. Haemostatic management should be to maintain a
platelet count of at least 75× 109/L, a threshold that is likely to be
reached after a two-blood-volume transfusion. A higher platelet
count of about 100 × 109/L will be needed in major trauma or
central nervous system bleeding. Fibrinogen should be

maintained above at least 1.5 g/L, a level that is likely to be
reached after about a 1.5-blood-volume transfusion, assuming
no significant additional consumptive coagulopathy.
Haemostatic therapy is to infuse platelets and FFP in vol-

umes likely to maintain a safety margin above these critical lev-
els (see also Chapter 13). Hypofibrinogenaemia unresponsive
to FFP may require cryoprecipitate or fibrinogen concentrate.
It is important to predict ongoing dilution and consumption of
coagulation factors and to replace these expectantly if bleed-
ing continues. Regular measurement of FBC and coagulation
screens (including Clauss fibrinogen) are important for moni-
toring replacement treatment, although often these are not avail-
able rapidly enough to guide initial management and empirical
treatment may be required in the early phases (see Table 40.7).

Bruising

Purpura simplex (normal easy bruising)

Distinguishing normal from pathological bruises may be diffi-
cult and individuals have variable thresholds for presenting for
medical review. If bruising is not associated with other symp-
toms suggestive of a bleeding disorder and routine tests of coag-
ulation (including VWF levels and platelet number) are normal,
the patient can be reassured. Drugs such as non-steroidal anti-
inflammatory agents or selective serotonin reuptake inhibitors
are sometimes implicated.

Non-accidental bruising

Bruising is a common feature of non-accidental injury in both
children and adults. Bruises that affect unusual sites, are in dif-
ferent stages of maturation or shaped like a hand or instrument
should raise concern. Any bruising in a non-mobile baby should
be investigated. In the case of children, appropriate liaison with
child safeguarding agencies should be undertaken, although the
possibility of an underlying congenital or acquired bleeding
disorder should also be thoroughly investigated. Self-harm may
also present with bruising and should be suspected if the pattern
of bruising is atypical. Deliberate ingestion of anticoagulants and
long-acting vitamin K antagonists is also possible.

Senile purpura (atrophic or actinic purpura)
and steroid-related purpura

Bruising is more common in elderly people due to atrophy of
subcutaneous tissues and loss of collagen and elastin fibres in
subcutaneous tissues. Blood vessels in the skin can be broken
by minor trauma or shearing forces and typically purpura are
seen on hands and forearms. If routine tests of platelet number
and coagulation are normal, no further investigation is required.
Long-term steroid use is also associated with bruising secondary
to atrophy of collagen fibres supporting blood vessels.
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Painful bruising syndrome (psychogenic
purpura)

Diamond–Gardner syndrome is a rare condition most com-
monly seen in women with psychological problems. It is also
called painful bruising syndrome and psychogenic purpura. It
presents with painful ecchymotic lesions, mostly on the extrem-
ities and the face and rarely on less accessible parts of the body.
The skin lesions can be preceded by paraesthesia or pain and are
usually reported after surgery or minor trauma. The usual tests
for haemostasis reveal no abnormalities. The cause of the bruis-
ing is poorly understood, although Diamond and Gardner sug-
gested the possibility of a local reaction to the patient’s own red
cell stroma and gave it the name ‘autoerythrocyte sensitization
syndrome’.

Scurvy

Scurvy is caused by a lack of vitamin C (ascorbic acid), which is
required for the hydroxylation of prolyl and lysyl residues in the
formation of mature collagen. Vitamin C deficiency renders the
collagen unable to self-assemble into rigid triple helices, result-
ing in blood vessel fragility and poor wound healing. The char-
acteristic clinical finding is perifollicular haemorrhage but large
ecchymoses can occur on the legs and trunk. Follicular hyper-
keratosis and corkscrew hairs are other cutaneous features.
Bleeding gums are common. Scurvy is more common in people
with poor nutrition, especially alcoholics. The diagnosis is clin-
ical, although plasma or leucocyte vitamin C can be measured.
A prompt response to vitamin C treatment is also diagnostic.

Inherited disorders of collagen and elastic
fibres

Ehlers–Danlos syndrome (EDS) is a group of dominantly inher-
ited disorders of connective tissue characterized by lax hyper-
elastic skin, joint laxity and poor wound healing. There are six
subtypes and subtype IV is associated with severe varicosities
and spontaneous rupture ofmajor blood vessels. Bruising is seen
in 90% of patients and has also been reported in people with
lax joints who do not fulfil the criteria of EDS. Although mild
platelet and coagulation factor dysfunction has been reported in
association with EDS, they are likely to be coincidental. Some
patients have a prolonged bleeding time and this can respond to
desmopressin. Other disorders such as osteogenesis imperfecta
and Marfan syndrome may also be associated with bruising.

Haemostatic dysfunction associated with
vasculitis

The vasculitides are a heterogeneous group of disorders char-
acterized by inflammation within blood vessel walls of different
organs. It is classified by the size of the blood vessel involved and

can be associated with both thrombosis, for example Behçet’s
disease (see Chapter 45), and haemorrhage. The classic pre-
sentation of Henoch–Schönlein purpura is palpable purpura
without thrombocytopenia or coagulopathy, arthritis/arthralgia,
abdominal pain and renal disease. Henoch–Schönlein purpura
is more commonly associated with bleeding than thrombosis.

Arteriovenous malformations

Hereditary haemorrhagic telangiectasia

Hereditary haemorrhagic telangiectasia (HHT) is a dominantly
inherited, highly penetrant, familial disease in which telangiec-
tasia develop on the skin and mucous membranes. Associated
large arteriovenous malformations may occur in solid organs.
International consensus diagnostic criteria have been devel-
oped based on epistaxis, mucocutaneous telangiectasia, visceral
lesions and an affected first-degree relative.
Mutations in the ENG gene (encoding endoglin) and

ACVLR1 gene (encoding activin receptor-like kinase 1) have
been described. These genes encode proteins that are involved in
signalling by the transforming growth factor (TGF)-β superfam-
ily. Increased levels of VEGF have been demonstrated in HHT.
Genetic testing may be useful to inform asymptomatic family
members or in people in whom the diagnosis is unclear.
Cerebral, pulmonary and neurological involvement is

described more commonly with ENG mutations, whereas
liver involvement has been associated with ALK1 mutations,
although members of the same family can have variable pheno-
types. Typical telangiectatic lesions are red 0.5–3 mm spots that
blanche with pressure and are often noted on the skin of face and
lips and mucosal surfaces of the tongue and mouth. Symptoms
range from cosmetic and recurrent epistaxis and mouth bleed-
ing to iron deficiency and intracranial haemorrhage. Emboli,
including septic emboli, may occur and antibiotic prophylaxis
at the time of invasive procedures such as dental extraction is
recommended. Occasionally bleeding can occur from internal
organs without visible lesions.
Virtually all internal organs can be affected. The lungs develop

pulmonary arteriovenous fistulae in about 30% of patients, lead-
ing to haemoptysis, sometimes catastrophic, hypoxia, dyspnoea,
pulmonary hypertension, high-output cardiac failure and
clubbing. Transient ischaemic attacks, cerebral infarction and
systemic emboli due to right-to-left shunting occur in about
half of the patients with pulmonary arteriovenous fistulae. Pul-
monary arteriovenous fistulae may worsen during pregnancy.
Liver involvement is present in the majority of patients and,
though often asymptomatic, can lead to cirrhosis, portal hyper-
tension and high-output cardiac failure. Conjunctival telangiec-
tasia may cause benign bleeds, while more serious retinal
bleeds can occur. Intracranial haemorrhage is associated with
arteriovenous fistulae, but embolization, including septic
emboli, may also cause cerebral symptoms.
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Options for symptomatic lesions include local treatment, such
as laser therapy of skin andmucosal telangiectasia and emboliza-
tion of arteriovenous malformations in lung or nervous system.
Systemic treatment with oestrogens and tranexamic acid may
reduce bleeding symptoms. Experimental treatments include
thalidamide and bevacizumab to inhibit VEGF.

Kasabach–Merritt syndrome

Kasabach–Merritt syndrome is a rare condition in which a vas-
cular tumour (Kaposiform haemangioendothelioma) is associ-
ated with thrombocytopenia, hypofibrinogenaemia and bleed-
ing, which can be life-threatening. The thrombocytopenia in
Kasabach–Merritt syndrome is presumed to be due to platelet
adhesion to the abnormally proliferating endothelium. This
leads to activation of platelets with secondary consumption of
clotting factors, including VWF, resulting in systemic haemo-
static failure. Excessive flow and shear rates secondary to
arteriovenous shunting also contribute and microangiopathic
haemolysis may be seen. The platelet count is often less than
20 × 109/L and the platelet half-life dramatically reduced.
Intralesional bleeding can cause rapid enlargement of the
haemangioma and can worsen the consumptive coagulopathy.
Intralesional thrombosis may rarely occur, causing spontaneous
resolution of some lesions. Management involves supportive
care and, if possible, removal of the lesion. Steroids, interferon,
chemotherapywith vincristine, radiotherapy and antiangiogenic
agents have been tried.

Microthromboembolic disease

Cholesterol embolism

Cholesterol embolism is a complication of widespread
atherosclerotic disease. Rupture of an atherosclerotic plaque
can occur spontaneously or, more commonly, at the time of
vascular surgery or invasive procedures. Anticoagulant or
fibrinolytic therapy can weaken thrombi that usually prevent
the release of cholesterol crystals. The characteristic presen-
tation is with small limb-vessel occlusion with well-preserved
peripheral pulses, which may occasionally lead to gangrene.
Another common skin finding is livedo reticularis, where the
cutaneous venous plexus becomes visible because of increased
amounts of desaturated venous blood. Organ involvement from
cholesterol emboli is dependent on the vascular supply, with
renal ischaemia being the commonest. The diagnosis is often
missed unless the occurrence of the clinical features is related to
the triggering procedure. Fundoscopy can reveal the presence of
retinal cholesterol crystals (Hollenhorst plaques) in about 25%
of cases. Biopsy of the cutaneous lesion or the affected organ
is required for definitive diagnosis. The prostacyclin analogue
iloprost has been used successfully in painful cutaneous necrotic
lesions and renal insufficiency in a single report.

Fat embolism syndrome

Fat embolization is characterized by release of fat droplets into
the systemic circulation after a traumatic or iatrogenic event.
Its incidence depends on the bone involved (fractures of the
femoral shaft >tibia or fibula >neck of femur), isolated or mul-
tiple fractures, age (10–40 years) and gender (occurs more in
males). Although more common after lower limb fractures, fat
embolism syndrome can also occur after liposuction, bone mar-
row harvesting, total parenteral nutrition, sickle cell crisis and
pancreatitis. Classically, it presents with the triad of respiratory
distress, mental status changes and petechial rash 24–48 hours
after pelvic or long-bone fracture. The rash is pathognomonic
and is seen usually on the conjunctiva, oral mucous membranes
and upper body, possibly due to embolization of fat droplets
accumulating in the aortic arch. The diagnosis is made clinically
because laboratory and radiographic diagnosis is non-specific
and inconsistent. Thrombocytopenia is common, due to platelet
activation and consumption into the thrombi. Management is
supportive to ensure haemodynamic stability. Aspirin and cor-
ticosteroids have also been shown to be helpful, although the use
of heparin is controversial.

Warfarin-induced skin necrosis

Warfarin-induced skin necrosis is a rare condition that is due
to microvascular thrombi provoked by a transient imbalance
between procoagulant and anticoagulant factors. It most com-
monly affects the breasts, buttocks and thighs. It may occur on
initiation of warfarin, especially in patients with heterozygous
protein C or protein S deficiency because of the relatively short
half-life proteins compared with prothrombin. It is also seen in
association with heparin-induced thrombocytopenia. It is pre-
vented by bridging the initiation of warfarin with heparin and
avoiding high loading doses. Treatment requires discontinua-
tion of warfarin and starting therapeutic heparin. Intravenous
infusions of protein C concentrate may also be used in the
short term.

Haemostatic dysfunction associated with
paraproteinaemia and amyloidosis

Paraproteinaemia

Bleeding and thrombotic complications both occur in associ-
ation with paraproteinaemias, although abnormalities in lab-
oratory tests are found much more frequently than clinical
effects. Bleeding is more common in Waldenström macroglob-
ulinaemia and amyloidosis than multiple myeloma. Among
myeloma patients, bleeding is most common in those with IgA
paraproteinaemia. The circulating paraprotein in these condi-
tions can: (i) cause hyperviscosity and lead to arterial and retinal
bleeds due to abnormal wall shear stress; (ii) inhibit or increase
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clearance of FVIII andVWF leading to acquired vonWillebrand
disease; (iii) impair platelet aggregation; (iv) inhibit fibrin poly-
merization and (v) have heparin-like anticoagulant function that
can be reversed by protamine. Management of these conditions
is directed towards the underlying cause. Plasma exchange is of
help as a temporary measure.

Amyloidosis

The pathophysiology of bleeding associated with systemic amy-
loidosis ismultifactorial. The type of amyloidosis and the pattern
of organ involvement are important determinants of the haem-
orrhagic tendency (Chapter 30). AL amyloidosis, where liver and
spleen involvement is frequent, is the commonest type associ-
ated with bleeding. FX deficiency is seen most commonly; how-
ever, decreased levels of all factors, including VWF, have been
reported. The coagulation factor deficiencies are thought to be
due to adsorption onto amyloid fibrils. Abnormal fibrin poly-
merization and hyperfibrinolysis can also contribute to bleed-
ing. Prolongation of the TT is the most common abnormality,
seen in up to 90% of patients. A prolonged PT and APTT sug-
gest FXdeficiency. Abnormal coagulation screening tests correct
with normal plasma.
Platelet dysfunction may be seen, due to the binding of the

amyloid light chains to the platelet membrane. Deposition of
amyloid fibrils in the blood vessel wall and perivascular tis-
sue may lead to impaired vasoconstriction and vessel fragility.
This is exemplified by cerebral amyloid angiopathy, which can
lead to intracerebral haemorrhage, especially in elderly non-
hypertensive individuals. The microvascular involvement also
explains the ‘raccoon eyes’ (bilateral periorbital purpura from
coughing or prolonged inverted positioning for lower gastroin-
testinal procedures) and the ‘pinch purpura’ (skin pinching lead-
ing to purpura). Several treatments have been described, includ-
ing factor replacement with FFP or PCCs, platelet transfusion,
desmopressin and rFVIIa. Severe FX deficiency can be difficult
to manage and first-line therapy is with PCCs or FFP.

Acquired inhibitors of coagulation factors

Inhibitory autoantibodies to all coagulation factors have been
described, although those against FVIII and VWF are most
common.

Acquired haemophilia A

Acquired haemophilia A has an annual incidence of about
1.5 per million and usually affects older patients with a median
age of about 75 years. It affects males and females equally, except

Table 40.8 Bleeding symptoms in patients with acquired
haemophilia A∗.

Site of bleeding

All bleeds at
presentation
(%)

Bleeds requiring
treatment (%)

N = 172 N = 65
Subcutaneous/skin 81 23
Muscle 45 32
Subcutaneous only 24 Not applicable
Gastrointestinal/

intra-abdominal
23 14

Genitourinary 9 18
Retroperitoneal/

thoracic
9 5

Other 9 23
Postoperative 0 11
Joint 7 2
None 4 Not applicable
Intracranial

haemorrhage
3 0

Fatal 9 No data

∗Patients had often had multiple bleeds.
Source: Data from Collins et al. (2007) and [Morrison et al., Blood
81,1513–20, 1993].

in younger patients where there is a female preponderance asso-
ciated with pregnancy. Acquired haemophilia A presents with a
typical bleeding pattern that is distinct from that seen in congen-
ital haemophilia. Widespread subcutaneous bleeding is com-
mon, as aremuscle bleeds and gastrointestinal and genitourinary
bleeding. Neurovascular compression may be limb-threatening.
Haemarthroses are relatively uncommon. Fatal bleeding, such
as intracranial, pulmonary, gastrointestinal and retroperitoneal,
occurs in about 3–8% of cases (Table 40.8). Patients remain at
risk of severe bleeding until the inhibitor has been eradicated,
even if they present with mild bleeding. Acquired haemophilia
A is associated with an underlying autoimmune (systemic lupus
erythematosus or rheumatoid arthritis), malignant, lymphopro-
liferative or dermatological (pemphigoid) disease or pregnancy
in about half of cases (Table 40.9). If acquired haemophilia
A presents in association with pregnancy, it may recur in
subsequent pregnancies and, if antenatal, the fetus may be
affected.
Early diagnosis and urgent treatment of bleeding are key

to successful management. The diagnosis is suggested by the
clinical presentation and an isolated prolonged APTT. FVIII
inhibitors are time and temperature dependent and in mixing
studies normal plasma must be incubated for 1–2 hours other-
wise the diagnosis may be missed. The diagnosis is confirmed
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Table 40.9 Diseases associated with acquired haemophilia A.

Green and
Lechner
(1981)

Morrison
et al. (1993)

Collins et al.
(2007)

Number of patients 215 65 150
Idiopathic (%) 46 55 63
Collagen, vascular
and other
autoimmune
diseases (%)

18 17 17

Malignancy (%) 7 12 15
Skin diseases (%) 5 2 3
Possible drug
reaction (%)

6 3 0

Pregnancy (%) 7 11 2

Source: Data from [Green and Lechner,Thrombosis and Haemostasis
45: 200–203, 1981], [Morrison et al., Blood 81,1513–20, 1993] and
Collins et al. (2007).

by a low FVIII and positive Bethesda titre (Figure 40.6). In some
cases diagnosis is complicated because all the intrinsic factors
may be low due to inhibition of FVIII in the factor-deficient
plasma used to assay other intrinsic factors. Dilution will result
in increased levels of the non-specifically reduced factors while
FVIII remains low. It is important to exclude a lupus anticoagu-
lant because this can also be associated with an apparently low
FVIII and an APTT that does not correct with normal plasma.
Acquired FVIII inhibitors have complex kinetics, so that not
all FVIII is inhibited in a Bethesda assay. It is therefore often
not possible to measure the inhibitor titre accurately. The FVIII
level and inhibitor titre are not predictive of the severity of the
bleeding.
Treatment involves minimizing invasive procedures, pro-

tecting the patient from trauma, treatment of bleeds and
eradication of the inhibitor. At present, the available therapies
to treat bleeds are with bypassing agents, namely rFVIIa or the
activated PCC FEIBA (factor eight inhibitor bypassing activity)
and are equally efficacious. Multiple doses may be required
to control bleeds and prevent recurrence. There is a risk of
thrombosis associated with bypassing agents, particularly in

Isolated prolonged aPTT

aPTT correction

Suspect clotting factor deficiency

Measure FVIII, IX, XI, XII

Single factor deficiency

Measure FVIII, IX, XI, XII and inhibitor

Acquired haemophilia Lupus anticoagulant

Negative Positive

Tests for LA

Suspect acquired haemophilia or LA

Weak/no aPTT correction

Assess personal and family
history of bleeding

Suspect coagulation factor
deficiency or lupus
anticoagulant (LA)

Mixing tests with pooled normal
plasma (immediate and incubated)

Confirm prolonged aPTT

Exclude heparin contamination

Time and temperature dependent Not time and temperature dependent

Figure 40.6 Diagnostic algorithm for an isolated prolonged APTT and possible acquired haemophilia A.
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elderly patients. FVIII is unlikely to be efficacious in acquired
haemophilia A, although mild bleeds in patients with low-titre
inhibitors and measurable FVIII may respond to desmopressin.
Initial trials with recombinant B-domain-deleted porcine factor
have been encouraging and this agent is likely to be available
soon. If standard haemostatic treatment with bypassing agents
fails, FVIII and immunoadsorption may be used, although
this treatment modality is only available in a few specialized
centres.
Immunosuppression should be started as soon as the diagno-

sis is made and is usually with steroids alone or steroids plus
a cytotoxic agent such as cyclophosphamide or azathioprine. A
response is usually seen after 2–3 weeks, but full remission takes
a median of about 5 weeks. If first-line therapy fails, rituximab,
ciclosporin or combinations of cytotoxic agents may be used.
Intravenous immunoglobulin does not increase the response
rate to other immunosuppressive agents.

Acquired von Willebrand syndrome

Acquired von Willebrand syndrome may be associated with an
autoantibody, typically in the context of monoclonal gammopa-
thy of undetermined significance, Waldenström macroglobuli-
naemia and other lymphoproliferative diseases, myeloprolifer-
ative disease and systemic lupus erythematosus. The antibody
leads to either rapid clearance or functional inhibition of VWF.
Low VWF:Ag, VWF:RCo and VWF:CB are found, and mea-
surement of the VWF propeptide may be useful in demonstrat-
ing rapid clearance. Mixing studies may not demonstrate an
inhibitor.
Low VWF levels are also seen in hypothyroidism and

increased VWF is associated with hyperthyroidism. Increased
proteolysis of VWF in high-shear environments such as leak-
ing cardiac values leads to a syndrome of acquired type 2A
VWS. VWF has also been reported in association with malig-
nancy and it is suggested that it may be adsorbed ontomalignant
cells. Hydroxyethyl starches used as plasma expanders have been
associated with bleeding secondary to VWF deficiency. Treat-
ment options include desmopressin, VWF concentrates and,
in patients with an inhibitory antibody, high-dose intravenous
immunoglobulin.

Acquired factor V deficiency

Acquired inhibitors to FV may arise spontaneously but are usu-
ally associated with exposure to topical thrombin preparations
that have trace amount of bovine FV. Laboratory findings are
of prolonged PT and APTT that do not correct with normal
plasma. Patients may respond to FFP and, in resistant cases,
platelets may be useful because surface-associated FV appears
to bypass the inhibitor.

Acquired protein S deficiency

Autoantibodies to protein S have been reported in association
with infection, particularly chickenpox. Patients present with
skin necrosis and DIC.

Prothrombin deficiency associated with lupus
anticoagulant

Although lupus anticoagulants are typically associated with
thrombosis, occasionally cross-reactivity with prothrombin can
lead to a bleeding disorder. Acquired deficiencies of other
procoagulant and antifibrinolytic proteins have occasionally
been described. Bleeding manifestations are variable and some
patients with markedly abnormal laboratory tests do not bleed.
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Introduction

A normal haemostatic system is characterized by a sequence
of local events that culminates in spontaneous arrest of bleed-
ing from a traumatized blood vessel followed by sealing of any
vascular discontinuity. Three closely linked biological systems
are involved: platelets, blood vessels, and coagulation proteins.
Platelets are anucleate cells that derive from cytoplasmic frag-
mentation of bone marrow megakaryocytes with a life span
in the bloodstream of about 7–10 days. Platelets have a com-
plex ultrastructure comprising a multitude of molecules and
the malfunction of any of these may promote a specific disease
(Figure 41.1). In the resting state platelets normally do not inter-
act with endothelial cells or other blood cells, but do so when
the vessel wall is disrupted. Adhesion to exposed subendothelial
components allows platelet activation and release of active sub-
stances from intracellular organelles such as adenosine diphos-
phate (ADP) that amplify and propagate platelet activation and
aggregation into a plug that fills in any voids in a ruptured
blood vessel. At this primary haemostasis stage platelets tran-
siently stop bleeding from damaged blood vessels and provide
the surface onto which plasma coagulates into a fibrin mesh that
strengthens the platelet plug, the so-called secondary haemosta-
sis stage.
Clinically, abnormalities of platelet adhesion and aggrega-

tion present with a history of spontaneous and/or easy bruis-
ing and a prolonged skin bleeding time. Abnormal bleeding
due to deficiencies of platelets shows characteristic features dis-
tinct from those seen in disorders of plasma coagulation factors
(Table 41.1). The occurrence of skin and mucosal bleeding in

patients with platelet disorders as opposed to deeper bleeding in
patients with clotting factor disorders is a useful clinical point,
but it must be remembered that the activities of platelets and
coagulation factors occur almost simultaneously. Bleeding asso-
ciated with platelet abnormalities manifests as haemorrhages
from small vessels. Petechiae usually develop on the skin and
the visible mucous membranes, but they may be distributed
throughout the body, including internal organs. Characteristi-
cally, bleeding resulting from platelet diseases is immediate and
transient, tends to stop with local pressure and does not recur
when the pressure is removed. When this pattern of bleeding
occurs in the neonatal period, in infancy and in childhood, a
congenital platelet disorder should be suspected. However, the
disease may be clinically silent and the patient may enter adult
life before bleeding occurs.
The family history may be of great importance, providing a

characteristic pattern of inheritance, but it should be remem-
bered that a negative family history does not exclude an inher-
ited platelet abnormality, i.e. the family history is usually neg-
ative in autosomal recessive traits. A comprehensive medical
history and a careful clinical examination of the patient present-
ingwith a haemorrhagic disorder are crucial for the correct diag-
nosis, and will dictate the subsequent choice of laboratory tests
that may lead to a better identification, of the platelet abnor-
mality. Congenital defects of platelets may give rise to bleed-
ing syndromes of varying severities and are difficult to classify
because of the rarity of many forms, the extreme heterogeneity
and incomplete knowledge about a variety of diseases. Table 41.2
classifies congenital platelet disorders into two main groups:
thrombocytopenias and thrombocytopathies. Each group is fur-
ther divided according to specific criteria based on functional
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ADP
Serotonin

β-Thromboglobulin

Platelet factor 4

Fibronectin

Platelet-derived
growth factor

von Willebrand factor

Fibrinogen
Factor V

Dense granule

α-Granule

Figure 41.1 In platelets, granules are the storage sites for
substances that are important for the haemostatic process. The
α-granules contain proteins involved in adhesion (fibronectin,
VWF), cell–cell interaction (P-selectin) and in promoting
coagulation (FV, PF4), whereas the content of dense granules is
important for recruiting additional platelets (ADP, serotonin).

and biochemical defects. Such a classification, as others, should
be viewed as temptative, because some disorders may be char-
acterized by multiple pathogenetic factors, whereas some oth-
ers are grouped together for convenience of classification rather
than on their known physiopathology.

Thrombocytopenias

Thrombocytopenia defines a subnormal number of platelets
in the circulating blood, usually below 100 × 109/L. Acute

Table 41.1 Main specific clinical differences between diseases of
coagulation factors and platelet disorders.

Disorders of

Findings Coagulation Platelets/vessels

Onset of bleeding Delayed after
trauma

Spontaneous or
immediately
after trauma

Mucosal bleeding Rare Common
Petechiae Rare Characteristic
Deep haematomas Characteristic Rare
Ecchymoses Large and solitary Small and multiple
Haemarthrosis Characteristic Rare
Bleeding from
superficial cuts
and scratches

Minimal Persistent; often
profuse

Sex of patient 80–90% male Equal

Table 41.2 Classification of congenital platelet disorders.

a Thrombocytopenias
1 Non-inherited

2 Inherited

� Drugs and chemical agents
� Isoimmune thrombocyptopenia
� Infiltration of bone marrow
� Infections
� Other causes
� Reduced platelet size
� Normal platelet size
� Increased platelet size

b Thrombocytopathies
1 Disorders of platelet adhesion function
2 Disorders of platelet signalling transduction functions
3 Disorders of platelet aggregation functions

thrombocytopenia is the most frequent cause of severe bleed-
ing and the risk of haemorrhage is inversely proportional to
the platelet count, with spontaneous bleeding occurring fre-
quently at a platelet count below 20 × 109/L. When automated
methods are used, pseudothrombocytopenia can be observed.
Different mechanisms can cause a false low platelet reading.
This may happen in patients with a wide variety of clinical dis-
orders. Non-technical factors inducing pseudothrombocytope-
nia include paraproteinaemias, cold agglutinins, giant platelets,
previous contact of platelets with foreign surfaces (i.e. dialy-
sis membrane), lipaemia and EDTA-induced platelet clumping.
The possibility of a pseudothrombocytopenia must be ruled out
through manual counting and/or examination of an adequately
stained blood film before concluding that a patient has true
thrombocytopenia.

Non-inherited congenital thrombocytopenia

Congenital thrombocytopenia not ascribed to inherited causes
may be the result of different pathogenetic mechanisms: most
likely it is due to deficient marrow platelet production or
enhanced platelet destruction.

Drugs and chemical agents
The maternal use of drugs and chemical agents during preg-
nancy may cause thrombocytopenia by suppressing platelet
production, by damaging platelets directly, or by inducing
the formation of platelet antibodies. Maternal ingestion of
ethanol, thiazides, chlorpropamide, tolbutamide, oestrogens,
and other drugs may selectively suppress thrombopoiesis. Alky-
lating agents, antimetabolites or chemotherapeutic drugs capa-
ble of crossing the placenta may lead to severe thrombocytope-
nia in newborns as the result of a predictable suppression of
the bone marrow. The maternal ingestion of quinine, quinidine,
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hydralazine, or selected antibiotics known to induce immune-
mediated thrombocytopenia may induce congenital immune-
mediated thrombocytopenia. In these newborns, thrombocy-
topenia usually improves rapidly and very rarely gives rise to
severe or fatal haemorrhages.

Alloimmune thrombocytopenia
Immune thrombocytopenia may also result from the placen-
tal transfer of platelet antibodies formed as the result of active
immunization of the mother by fetal platelet isoantigens if
the fetus has inherited a paternal platelet-specific antigen that
induces antibody formation (see also Chapter 50). Transplacen-
tal passage of the maternal antibody, usually of the IgG iso-
type, may induce severe thrombocytopenia in the fetus. This
usually occurs when the mother has PlA1-negative platelets
and the fetus carries PIA1-positive platelets. Newborns may
show petechiae and purpura, or more severe bleeding at the
time of birth, or may appear normal at the delivery and
then manifest severe bleeding within the first postnatal week.
In this case, thrombocytopenia usually improves within one
month, but severe and fatal intracranial haemorrhages can
occur.

Bone marrow infiltration
Congenital thrombocytopenia caused by bone marrow infil-
tration is extremely rare, being limited to cases of dissemi-
nated reticuloendotheliosis and congenital leukaemia. Throm-
bocytopenia with or without associated myeloid and erythroid
depression occurs in children with numerous infiltrative disor-
ders, including solid tumours, myelofibrosis, Gaucher’s disease,
Niemann–Pick disease and the mucopolysaccharidoses.

Infection
Thrombocytopenia, usually mild, but sometimes very severe,
is commonly seen in infected newborns: several mechanisms
are probably responsible, impaired platelet production as a
result of invasion of megakaryocytes, the destruction of circu-
lating platelets, and the formation of antigen–antibody com-
plexes may explain many instances of thrombocytopenia asso-
ciated with viral infections. Maternal infection with toxoplasma,
cytomegalovirus, rubella, herpes viruses or hepatitis varicella, as
well as recent maternal vaccinations (rubella), may induce con-
genital thrombocytopenia.

Other causes
Children born to women with chronic idiopathic thrombocy-
topenic purpura may have congenital thrombocytopenia due to
autoantibodies in the mother crossing the placenta and bind-
ing to fetal platelets. Other causes of congenital thrombocy-
topenia due to increased platelet consumption or destruction
include common maternal disorders (pre-eclampsia, systemic

lupus erythematosus or other autoimmune diseases, especially if
the woman has antiphospholipid antibodies). Finally, a moder-
ate to severe thrombocytopenia has been observed, associated in
giant cavernous haemangioma, first described by Kasabath and
Merritt, in which the consumption of platelets occurs primarily
within the tumour. Thrombocytopenia is often found associated
with coagulation abnormalities typical of disseminated intravas-
cular coagulation and the severity tends to parallel the size of the
vascular tumour.

Inherited thrombocytopenias

Several inherited diseases may manifest with thrombocytope-
nia, as an accompanying feature of a generalized bone marrow
failure (Fanconi’s anaemia) or metabolic diseases causing mar-
row infiltration (i.e. Gaucher’s disease). These and other com-
plex clinical syndromes (i.e. Noonan’s syndrome, CATCH 22
syndrome etc.) will not be discussed in this chapter. Inherited
thrombocytopenias are very rare. In some of these a thrombo-
cytopathy may coexist with thrombocytopenia (i.e. Bernard–
Soulier syndrome, Wiskott–Aldrich, etc.). These diseases will
be discussed in the appropriate section according to the most
prominent defect. Helpful criteria to classify inherited throm-
bocytopenias are platelet size and the presence (syndromic)
or the absence (non-syndromic) of other clinical features
(Table 41.3)

Inherited thrombocytopenias with reduced
platelet size
The Wiskott–Aldrich syndrome (WAS) is a rare (1/250,000) X-
linked recessive disorder characterized by eczema, susceptibil-
ity to infections associated with defects in cellular and humoral
immunity, and thrombocytopenia with reduced platelet size
(see also Chapter 14). The gene responsible for WAS maps
to Xp11.1 and codes for a protein, WASp, expressed only in
haemopoietic-derived cells and involved in the transduction of
the signals from the receptor to the actin cytoskeleton. Intermit-
tent bleedings, recurrent bacterial and viral infections, and pro-
gressive eczema occur during the first months of life. Death at
an early age commonly results from intracranial haemorrhage,
infection or lymphoreticular malignancy. A number of kindreds
have been reported in whomX-linked thrombocytopenia (XLT)
occurred alone or in association with partial manifestations
of WAS. Also XLT is caused by a mutation within the WAS
gene. Patients with XLT mainly suffer from an isolated bleeding
tendency.

Inherited thrombocytopenias with normal
platelet size
Congenital deficiency of megakaryocytes is a rare form
of thrombocytopenic purpura in the newborn and may
occur with skeletal, renal or cardiac malformations. Isolated
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Table 41.3 Main clinical characteristics associated with syndromic thrombocytopenia.

System/organ Clinical features Disease

Skin Eczema WAS, Jacobsen/Paris–Trousseau
Albinism Hermansky–Pudlak

Chediak–Higashi

Skeletal Upper extremities
Bilateral absence of the radii with

the presence of both thumbs
TAR

Limited pronation and supination
of the forearm

Amegakaryocytic thrombocytopenia with
ulnar synostosis

Facial abnormalities Jacobsen/Paris–Trousseau
Hand abnormalities Jacobsen/Paris–Trousseau

Lower extremities
Various anomalies TAR
Hip dysplasia Amegakaryocytic thrombocytopenia with

ulnar synostosis
Pulmonary Fibrosis Hermansky–Pudlak
Cardiac Heart defects Jacobsen/Paris–Trousseau

Septal defects TAR
Renal Haematuria, proteinuria MYH9-related disease

Congenital malformations TAR
Gastrointestinal Milk-protein allergy TAR

Granulomatosis colitis Hermansky–Pudlak
Auditory High-frequency sensorineural hearing loss MYH9-related disease
Eyes Cataracts MYH9-related disease
Neurologic Mental retardation Paris–Trousseau

Ataxia, intellectual disability Chediak–Higashi
Immunologic Autoimmunity WAS, Chediak–Higashi

Immunodeficiency WAS, Chediak–Higashi

congenital amegakaryocytic thrombocytopenia (CAMT) is
an autosomal recessive syndrome leading to bone marrow
aplasia later in childhood. This disorder is associated with
abnormalities in the expression or function of the thrombo-
poietin receptor c-mpl, and a series of mutations in the c-mpl
gene have been identified. Most commonly, associated skeletal
anomalies are present. Bilateral agenesis of the radius is the
most commonly associated abnormality (thrombocytopenia
with absent radius (TAR) syndrome). The TAR syndrome is
an autosomal recessive disease characterized by severe, even
fatal, haemorrhagic manifestations. The molecular basis of the
syndrome is associated with alterations of the RBM8A gene and
often involves a microdeletion on chromosome 1q21.1. In some
infants, the ulna and humerus may also be absent and other
skeletal abnormalities may occur. In addition, a proximal radio-
ulnar synostosis, syndactyly and other skeletal abnormalities
are reported in association with an autosomal dominant con-
genital amegakaryocytic thrombocytopenia in patients carrying
heterozygous mutations of the HOXA11 gene. Less com-
monly, patients manifest cardiac and other minor defects. An

autosomal dominant, moderate form of thrombocytopenia with
a usually mild or absent bleeding tendency has been associated
with mutations in the ANKRD26 gene (ANKRD26-related
thrombocytopenia) and with haematological malignancies, in
particular acute myeloid leukaemias. The Schulman–Upshaw
syndrome, which is caused by mutations in the ADAMTS13
gene, is characterized by thrombotic thrombocytopenic
purpura with neonatal onset (congenital microangiopathic
haemolytic anaemia), thrombocytopenia and frequent relapses,
and response to fresh plasma infusion.

Inherited thrombocytopenias with increased
platelet size

Thrombocytopenias with increased platelet size are character-
ized by the presence of an increased platelet volume with a
reduced number of platelets, megathrombocytopenia, and are
the commonest inherited forms of thrombocytopenias. Among
them, a series of diseases have been characterized at the molec-
ular level, whereas other clinical entities still await a clear
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identification of the molecular defect. Giant platelets and mod-
erate thrombocytopenia are most frequently found in certain
populations of Mediterranean extraction and also may be
associated with other inherited or congenital syndromes,
such as MYH9-related disease, Bernard–Soulier syndrome,
stomatocytosis, etc.
MYH9-related disease is a rare autosomal dominant dis-

ease characterized by the presence in almost all patients of
giant platelets with thrombocytopenia and basophilic inclusions
(Döhle’s bodies) within granulocytes. Large Döhle’s bodies are
seen in granulocytes from peripheral blood and bone marrow,
and most patients show mild neutropenia without increased
susceptibility to infection. About 50% of patients have signif-
icant thrombocytopenia deriving from an ineffective throm-
bopoiesis, but life-threatening haemorrhage is rare. The platelets
of patients suffering from MYH9-related disease show not only
a greatly increased volume, twice as normal, but most of them
display bizarre morphology and hypergranularity. The condi-
tion includes a group of autosomal dominant diseases, in the
past known as May–Hegglin anomaly and Sebastian, Fetch-
ner and Epstein syndrome, according to the presence of hear-
ing loss, glomerulonephritis and cataract. Then, because of
the high variability of the clinical phenotype, also in members
belonging to the same family, these eponyms have been aban-
doned and the term MYH9-related disease has been proposed
independently of the presence of Döhle-like bodies and non-
haematologic features. The molecular basis of these syndromes
has been elucidated. All these clinical entities are caused by
mutations that occur within a gene (MYH9) located on the long
arm of the chromosome 22 (22q12-13). This gene encodes for
the heavy chain of non-muscle myosin IIA (NMMHC-IIA), a
protein involved in the contractile activity of the cytoskeleton.
On the whole, all diseases may be grouped as MYH9-related
disease.
Gray platelet syndrome (GPS) is a rare disorder inherited

as an autosomal recessive trait because of mutations within
the NBEAL2 gene, although a dominant transmission has been
shown, and characterized by large platelets with a selective defi-
ciency in the number and content of α-granules. Owing to this,
platelets are either markedly hypogranular or agranular and dis-
play a deficiency of α-granule proteins, such as fibrinogen, von
Willebrand factor, thrombospondin, β-thromboglobulin and
platelet factor 4. A missense mutation at position 759 in the
GATA-1 gene, inducing an amino-acid change (Arg216Gln),
which segregates in a X-linked GPS, has been recently identi-
fied, suggesting that the GATA-1 gene is required for platelet
α-granule regulation. Thrombocytopenia is usually pronounced
and severe bleeding may occur.
Mediterranean macrothrombocytopenia is an asymptomatic

disorder with moderate isolated thrombocytopenia and large
platelets inherited as an autosomal dominant trait. The
condition is characterized by mild or no clinical manifes-
tations and normal bone marrow megakaryocytosis, platelet

survival and in vitro platelet functions. Platelets from some
patients suffering from Mediterranean macrothrombocytope-
nia show a reduced expression of the GPIb-IX platelet recep-
tor, and heterozygous mutations within the GPIbα or Ibβ genes
have been described. Therefore, in these patients Mediter-
ranean macrothrombocytopenia may be viewed as a heterozy-
gous form of Bernard–Soulier syndrome (see below). The
remaining patients having Mediterranean macrothrombocy-
topenia do not show a reduction of the content of the GPIb-IX
platelet receptor and the pathogenesis of this form needs further
clarification.
Type 2B vonWillebrand disease is a thrombocytopenia result-

ing from enhanced platelet destruction. Patients suffering from
this syndrome show a qualitative abnormality of plasma von
Willebrand factor (VWF) such that VWF binds inappropriately
to circulating platelets. This is due to mutations within exon 28
of the VWF gene that give rise to a VWF with increased affin-
ity for the platelet receptor GPIb-IX. Clearance of the result-
ing VWF-platelet complexes leads to thrombocytopenia and the
selective loss of the largest VWFmultimers from plasma. In gen-
eral, the degree of thrombocytopenia is moderate and bleed-
ing is of variable severity. A mutation in the VWF gene has
been identified in a kindred previously labelled as Montreal
platelet syndrome, a very rare platelet disorder characterized by
giant platelets, reduced platelet count and spontaneous in vitro
platelet aggregation: this kindred has now been re-classified
as type 2B von Willebrand disease. Type 2B von Willebrand
disease should be distinguished from the rare pseudo-von-
Willebrand disease (or platelet-type von Willebrand disease).
The defect in this autosomal dominant condition results from
gain of function mutations in the gene encoding for the GPIb-
α subunit of the platelet receptor, increasing the affinity for
VWF resulting in spontaneous binding of platelets to VWF
with shortened platelet survival and thrombocytopenia. The
reasons why most patients suffering from platelet-type von
Willebrand disease show variable enlarged platelets remain
unclear.
Jacobsen and Paris–Troussau syndromes are other very

uncommon causes of macrothrombocytopenia. The Jacobsen
syndrome is a contiguous gene syndrome inherited as an auto-
somal dominant trait characterized by a chromosomal deletion
encompassing the long arm of the chromosome 11 (11q23.3-
11q24.2). Paris–Trousseau syndrome identifies patients who
present with macrothrombocytopenia, abnormal platelet func-
tion and dysmegakaryocytes in the bone marrow. A heterozy-
gous deletion of the FLI1 gene has been described in unrelated
children with deletions of 11q23 and Paris–Trousseau throm-
bocytopenia. Interestingly, in patients suffering from Jacob-
sen syndrome without thrombocytopenia, the chromosomal
deletion did not include the FLI1 gene, suggesting that dele-
tion of this gene is specific for the thrombocytopenia that
occurs in most patients with Jacobsen and Paris–Trousseau
syndromes.
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Thrombocytopathies

Platelets participate in haemostasis by adhering to exposed ele-
ments of the subendothelial matrix. They then spread onto the
subendothelial surface, becoming activated, release the con-
tent of their storage organelles and aggregate to each other.
Abnormalities in any of these stages, adhesion, activation,
secretion and aggregation may give rise to congenital disor-
ders of platelets. Patients suffering from any of these diseases
usually show a bleeding diathesis with a prolonged bleed-
ing time and a normal platelet count. The most accurate test
for monitoring platelet activation is light transmission aggre-
gometry, which uses platelet-rich plasma or washed platelets,
and monitors the change in light transmission upon agonist
addition and simultaneously dense granule secretion. How-
ever, diagnosing a defect in platelet function is often diffi-
cult, because of need of specific expertise, and an experi-
enced investigator is required. A further major challenge is
the wide overlap with the response of healthy subjects. In up
to 40% of patients presenting with a platelet function defect
light transmission aggregometry fails to correctly identify the
thrombocytopathy.

Disorders of platelet adhesion

The interaction of platelet receptors with elements of the suben-
dothelium, collagen, fibronectin and blood components allows
platelet adhesion to the subendothelium, but it also occurs
through the bridging effect of VWF (Figure 40.2). A series of
receptors have been identified on the platelet surface that inter-
act with one or more of the previous elements. The most impor-
tant receptors are the GPIb-IX and the α2-β1 (previously known
asGPIa-IIa). The α2-β1 is one of receptors on the platelet surface
that binds collagen and is a member of the integrin β-1 subfam-
ily. Different receptors for collagen are GPIV andGPVI. Binding
of molecules to these receptors leads to subsequent binding to
other receptors, which serves to reinforce adhesion and to gen-
erate intracellular signals, such as calciummobilization and pro-
tein phosphorylation.
Bernard–Soulier Syndrome (BSS) is a bleeding disorder char-

acterized by giant platelets seen on the blood smear, mild or
moderate thrombocytopenia and prolongation of the skin bleed-
ing time disproportionate to the thrombocytopenia. BSS is a
recessively inherited autosomal disorder due to abnormalities of
the GP Ib-IX-V receptor complex and consanguinity is common
in reported kindreds. The frequency of BSS has been estimated
to be approximately 1 case in 1 million people. Bleeding may
be severe and fatal haemorrhages may occur. Cutaneous haem-
orrhages, muscular and visceral bleedings are common. Epis-
taxis and menorrhagia may be difficult to control. Haemarthro-
sis has also been reported. Platelet counts range from as low as
20 × 109/L to near normal and, on the peripheral blood film,

over 80% of the platelets are usually larger than 2.5 μm, often up
to 8.0 μm, in diameter. The number of bone marrow megakary-
ocytes is usually normal. Patients presenting with BSS show an
absent platelet agglutination in response to ristocetin (in the
presence of human VWF), normal aggregation, ATP secretion
and thromboxane (TX) B2 formation in response to a vari-
ety of aggregating agents, and delayed response to thrombin.
Because of the defective binding with VWF, platelets in BSS
have substantial reduction in their ability to adhere to sites of
vascular injury where subendothelial VWF becomes exposed.
As a consequence, plug formation, the primary haemostatic
response, is impaired, and increased and prolonged bleeding
occurs. Variable levels of the glycoprotein (GP) Ib-IX-V com-
plex have been detected on the platelet surface of patients with
BSS, some patients with BSS exhibiting near normal GP Ib-IX-V
amounts (variant type of BSS). In spite of the difference in gly-
coprotein content, clinical bleeding problems, and platelet func-
tional andmorphologic abnormalities, these patients were indis-
tinguishable from the classical BBS phenotype. The entire cDNA
sequences encoding the protein chains comprising the GP
Ib-IX-V receptor complex have been obtained, allowing stud-
ies on the molecular basis of the syndrome. This complex con-
sists of four proteins: the disulfide-linked α- (135 kD) and
β-chains (25 kD) of GPIb, and the non-covalently associated
subunits GPIX (22 kD) and GPV (82 kD). They all share struc-
tural and functional features suggesting a common evolutionary
origin. Different transcripts encode the four polypeptidic chains
and, with the exception of that of GPIbβ, genes show continuous
(intron-depleted) open reading frames. In addition, each ele-
ment contains one or more homologous 24-amino-acid leucine-
rich glycoprotein repeats. The genetic heterogeneity in the gly-
coprotein content of BSS patients shows that multiple molecular
abnormalities may lead to a similar clinical disorder, and implies
that BSS may be the result of defects within the subunits that
hamper the coordinate expression of the complex on the platelet
membrane. In this respect, BSS would resemble abnormalities
of other multisubunit complexes, in which a defect in a single
subunit prevents the assembly and the surface expression of the
complex. In addition to quantitative and qualitative abnormali-
ties of the GPIbα gene, the recognized BSS phenotype has also
been documented in patients with detrimental mutations within
platelet GPIX and GPIbβ genes.
A defect of one of the platelet receptors for collagen has

been described in very few patients. These patients showedmild
bleeding disorders and a selective impairment, at a variable
extent, in collagen response, adhesion to subendothelial surfaces
and collagen-induced platelet aggregation. Platelets have two
major receptors for collagen, α2β1 integrin, with a major role
in adhesion of platelets to subendothelial surfaces, and GPVI,
mainly involved in platelet activation. Thus, it is conceivable that
collagen binding to platelets occurs through a multistep mecha-
nism, involving first the attachment of platelets to exposed col-
lagen of the subendothelium in flowing blood by means of the
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α2β1 receptor and then platelet activation through a second
receptor, GPVI.

Disorders of platelet signalling transduction

Platelets that adhere to the subendothelial surface become acti-
vated and begin the production or release of several intracel-
lular messengers that modulate a series of platelet responses,
such as calciummobilization, protein phosphorylation and pro-
duction of arachidonic acid. Activated platelets also release sub-
stances stored in their granules, some of which act in the recruit-
ment of additional platelets and lead to the formation of the
primary haemostatic plug (see Figure 41.1). Several sig-
nalling mechanisms are involved in events that govern platelet
responses, starting from platelet adhesion to injured blood ves-
sels and leading to secretion and aggregation. Available evidence
suggests specific abnormalities in platelet signallingmechanisms
may underlie a platelet dysfunction. The term platelet signalling
disorders defines a group of heterogeneous abnormalities in
platelet secretion and signal transduction. Congenital defects
of platelet signalling mechanisms are put together for conve-
nience of classification rather than on the basis of knowledge in
the pathophysiology of specific diseases. Patients suffering from
these defects represent the vast majority of subjects present-
ing with inherited thrombocytopathies. Many platelet receptors
are coupled to G-proteins. P2Y1 and receptors for thrombox-
ane A2, and thrombin act via Gαq. Receptors for prostaglandins
activate, whereas P2Y12 inhibits adenylate cyclase through Gs
and Gi2, respectively. Platelet activation by means of binding to
receptors gives rise to hydrolysis of phosphoinositide by phos-
pholipase C, leading to the formation of inositol triphosphate,
which, in turn, functions as a messenger to release calcium
from intracellular stores. In addition, hydrolysis of phospho-
inositide leads to the formation of diacylglycerol, which acti-
vates protein kinase C. The activation of the protein kinase C
is thought to play a major role in platelet secretion and in the
activation of the αIIb-β3 complex. Although defects in phos-
pholipase C activation, calcium mobilization and protein phos-
phorylation have been suggested in several patients, few patients
have been reported with deficiency in platelet Gαq, Gs hyper-
function and reduced expression of phospholipaseC-β2. Follow-
ing stimulation, platelet phospholipase A2 mobilizes the arachi-
donic acid from the phospholipid pool. Then, the arachidonic
acid is metabolized by cyclo-oxygenase and thromboxane syn-
thase to form thromboxane A2, a strong platelet-aggregating
agent, which is necessary for a secretion response.
A defect in arachidonic acid mobilisation and thromboxane

A2 production has been identified in some patients. Individu-
als with this defect showed an abnormal aggregation and secre-
tion in response to a series of stimulating factors, but a normal
production of thromboxane A2 in response to arachidonic acid.
Several patients have been reported with a deficiency of cyclo-
oxygenase and showing a slightly prolonged bleeding time and

impaired platelet aggregation. In addition, a few patients show a
defect in thromboxane A2 formation, presenting with a variable
bleeding diathesis.

Disorders of platelet aggregation

Platelet aggregation may be defined as the interaction of acti-
vated platelets with one another and occurs after adhesion of
platelets to injured blood vessel walls. A series of factors are
capable of inducing platelet aggregation and may be classi-
fied in primary and secondary platelet aggregating agents. Pri-
mary aggregating substances are those factors, such as ADP,
epineprhine and thrombin, able to directly induce platelet aggre-
gation independently of their ability to release intraplatelet ADP
or to induce the production of prostaglandins. Secondary aggre-
gating factors are substances that induce aggregation of platelets
through their ability to provoke the release reaction of ADP
or the synthesis of prostaglandins. According to this, disorders
due to an impairment of platelet aggregation may be classi-
fied into defects of primary aggregation, Glanzmann’s throm-
basthenia, selective impairment of platelet receptors (ADP,
epinephrine), and defects of secondary aggregation, storage pool
disease, selective impairment of platelet receptors (thrombox-
ane, collagen). In vitro, a series of substances are employed
to challenge platelets and the manner they respond to these
stimuli may be helpful to identify specific thrombocytopathies
(Table 41.4).
Glanzmann’s thromboasthenia (GT) is a bleeding diathe-

sis marked by prolonged bleeding time, normal platelet count
and absence of platelet aggregation in response to platelet ago-
nists ADP, collagen, arachidonic acid and thrombin. Platelet
agglutination induced by ristocetin and VWF is normal. This
congenital bleeding disorder is associated with an impaired
or absent clot retraction. GT is one of the less common of
the congenital bleeding disorders (prevalence 1/1,000,000) and
is transmitted as an autosomal recessive trait with consan-
guinity reported in affected kindreds. The clinical features
are those expected with platelet dysfunction: easy and spon-
taneous bruising, mucosal membrane bleeding, subcutaneous
haematomas and petechiae. Rarely, patients suffer from intra-
articular bleeding with resultant haemarthroses. Fatal haem-
orrhages have been reported. Quantitative or qualitative (vari-
ant GT forms) abnormalities of the platelet αIIbβ3 integrin
(also known as the glycoprotein complex IIb-IIIa) have been
shown to be responsible for this disorder. αIIb and β3 subunits
are prominent integral components of the platelet membrane
that form heterodimers containing specific sites for platelet-
to-platelet cohesion. The αIIbβ3 integrin serves as platelet
receptor for fibrinogen, fibronectin, vitronectin and von Wille-
brand factor. In addition, the αIIbβ3 integrin modulates, to
some extent, calcium influx, cytoplasmic alkalinization, tyro-
sine kinase phosphorylation and clot retraction. Clinical het-
erogeneity of GT has been stressed on the basis of platelet
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Table 41.4 Platelet response to aggregating agents in different thrombocytopathies.

Disorder ADP Epinephrine Collagen Arachidonic acid Ristocetin

Bernard–Soulier Normal Normal Normal Normal Absent
Pseudo-vWD Normal Normal Normal Normal Increased at

low doses
ADP receptor defect Impaired Impaired Impaired Impaired Present
Epinephrine receptor defect Normal Impaired Normal Normal Present
Collagen receptor defect Normal Normal Impaired Normal Present
Defect of signal transduction Variable

impairment
Variable
impairment

Variable
impairment

Variable
impairment

Present

Glanzmann’s thrombasthenia Absent Absent Absent Absent Present
δ-SPD Impaired Impaired Impaired Variable Present
Thromboxane receptor defect Impaired Impaired Impaired Impaired Present

function testing or using crossed immunoelectrophoresis,
Western blot, flow cytometry and fibrinogen binding. Type I
Glanzmann’s thrombasthenia is characterized by the lack of
surface-detectable αIIbβ3 complex and a profound defect in
platelet aggregation and clot retraction. At variance with the
type I, platelets of patients suffering from type II Glanz-
mann’s thrombasthenia have detectable, but markedly reduced,
amounts of the αIIbβ3 receptor on the surface, usually from 10
up to 20% of normal values. Platelets show sufficient amounts
of receptors to allow for micro-aggregate formation, although
there is still a profound defect in the ability to form large aggre-
gates. The clot retraction is only moderately impaired. In addi-
tion, a series of patients with a variant form have been described
who presented near normal levels of the αIIbβ3 complex, which
is dysfunctional in that platelets, when activated, can neither
aggregate nor bind fibrinogen. An extreme variability in the
clinical symptoms is present, even among patients with similar
degrees of platelet abnormality and prolongation of the bleeding
time. In general, no aggregation abnormalities are detected in
heterozygotes, but a decreased amount of the αIIbβ3 integrin has
been reported, platelet content being approximately one-half of
the normal amount.
Defects of platelet ADP receptors have been characterized in

a few patients and all suffered from a bleeding diathesis. On the
platelet surface, different types of ADP receptors have been iden-
tified, two G-protein-coupled receptors, P2Y1 and P2Y12. The
P2Y1 receptor is responsible for the shape change of platelets
and transient platelet aggregation, giving rise to centralization
of platelet granules and formation of filopodia, while the P2Y12
receptor is involved in the amplification of the response and in
the stabilization of platelet aggregates through the full activation
of the αIIbβ3 integrin. The P2Y12 receptor defect is inherited
as an autosomal recessive trait and most patients so far identi-
fied were born from consanguineous parents. In these patients a
blunted platelet aggregation in response to ADP, with a retained
shape change, has been reported. Only one patient has been

briefly reported with a defect of the P2Y1 receptor. This patient
showed impaired platelet aggregation in response to ADP and
other agonists.
The selective impairment of epinephrine receptors, α2 adren-

ergic receptors (α2AR), has been associated with bleeding. A
number of individuals with an impaired aggregation response
to epinephrine and a congenital defect of platelet α2AR recep-
tors have been described, and some of them presented a history
of easy bruising.
A selective impairment of the thromboxane A2 receptor has

been described in several patients with a mild lifelong disorder,
consisting ofmucosal bleeding and easy bruising, and a defective
platelet aggregation in response to several agents, but not throm-
bin. An autosomal dominant inheritance has been suggested in
some cases.
Secondary aggregation disorders are more frequent than pri-

mary aggregation disorders and the most common in this cate-
gory are the storage pool deficiency (SPD) syndromes. SPD syn-
dromes may be classified in a system that takes into account the
content of both dense and α-granules (see Figure 41.1). The term
δ-SPD identifies patients who show low platelet content of dense
granules only. Patients with deficiency of both types of gran-
ules are designed as αδ-SPD. Finally, patients presenting with
reduced or absent platelet content of α-granules, but normal
levels of dense granules (α-SPD) are designed as patients with
Gray platelet syndrome. The disorder is heterogeneous and the
term SPD includes a group of disorders having as their common
feature a diminution in secretable substances stored in platelet
granules. A storage pool disease is found as an associated defect
in most of the patients carrying other rare syndromes, such as
Wiskott–Aldrich syndrome and thrombocytopenia with absent
radius syndrome. However, the majority of patients presenting
with an SPD have no associated diseases and are otherwise nor-
mal. The clinical features of this type of secondary aggrega-
tion disorder are those expected with a platelet function defect
and consist of easy and spontaneous bruising, mucocutaneous
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haemorrhages, haematuria and epistaxis. Patients with δ-SPD
or αδ-SPD usually have absent ADP and epinephrine-induced
secondary aggregation waves, although the primary waves are
present. Patients with δ-SPD may present a severe or partial
granule deficiency. Collagen-induced aggregation is absent or
markedly reduced, whereas ristocetin-induced agglutination is
normal. In the absence of other congenital abnormalities or an
associated α-granule deficiency, SPD is inherited as an auto-
somal dominant trait. The forms of dense-SPD coincident with
other congenital abnormalities, such as TAR, are usually inher-
ited as autosomal recessive traits, or X-linked, as in the case
of WAS. An SPD is usually present in Hermansky–Pudlak and
Chédiak–Higashi syndromes.
Hermansky–Pudlak syndrome (HPS) is a rare autosomal

recessive inherited disorder characterized by the presence of
oculocutaneous albinism, the absence of platelet dense granules
and infiltration of ceroid-pigmented reticuloendothelial cells
in the lung and the colon, leading to pulmonary fibrosis and
inflammatory bowel disease. HPS results from the abnormal for-
mation of intracellular vesicles. The impaired function of spe-
cific organelles indicates that the causative genes encode proteins
operative in the formation of lysosomes and vesicles. HPS shows
a genetic heterogeneity and so far, mutations in eight orthol-
ogous genes have been found in HPS patients: HPS1, AP3B1
(HPS2), HPS3, HPS4, HPS5, HPS6, DTNBP1 (HPS7), and
BLOC1S3 (HPS8).
The Chédiak-Higashi syndrome (CHS) presents with a vari-

able degree of oculocutaneous albinism and a poor resistance to
respiratory and cutaneous infections. The infections are gener-
ally fatal during infancy or in early childhood, but patients may
also die of a chronic lymphohistiocytic infiltration known as the
accelerated phase during the second or third decades of life. CHS
is extremely rare and is inherited as an autosomal recessive trait.
Unlike HPS, CHS does not seem to display locus heterogeneity
and the only gene proved to cause CHS, LYST, is located on chro-
mosome 1q42.1-42.2. Findings typical of an SPD are present in
both HPS and CHS: bleeding of mucosal, epistaxis and sponta-
neous soft tissue bruising.
Quebec platelet disorder is a rare autosomal dominant bleed-

ing disease associated with abnormal proteolysis of α-granule
proteins; platelets show increased stores of urokinase plasmino-
gen activator and genetic studies show a tandem duplication of
the urokinase plasminogen activator gene, PLAU. Intraplatelet
generation of plasmin is thought to trigger degradation of stored
α-granule proteins, increasing risks for a number of bleeding
symptoms, including delayed-onset bleeding after haemostatic
challenges that responds only to fibrinolytic inhibitor therapy.

Treatment

As a rule, there is no specific treatment for the vast majority of
congenital platelet disorders. In congenital thrombocytopenias

due to maternal use of drugs or chemical agents, thrombocy-
topenia recovers after few days to fewweeks, as in the case of thi-
azide drugs. In surviving thrombocytopenic newborns infected
with rubella or cytomegalovirus, platelet levels may return to
normal after several months. In newborns with alloimmune
congenital thrombocytopenia, platelets return to normal values
in 14 to 21 days.Only severe cases need to be treatedwithwashed
platelets, corticosteroids or exchange transfusions. In general,
principal treatments in patients with congenital platelet diseases
are general measures aiming at avoiding bleeding and the use
of supportive therapeutic approaches for controlling haemor-
rhages. However, since types and severity of bleeding vary in
different patients, therapeutic approaches have to be individu-
alized.

General measures

Education of patients is of great importance. Patients and their
parents have to be instructed to avoid trauma. Regular dental
care may be helpful to prevent gingival bleeding. Drugs that
impair platelet functions, such as acetylsalicic-acid-containing
medications, should be avoided. In women, the use of oral
contraceptives can be applied to prevent menorrhagia. Local
measures, such as the application of firm pressure in the case of
epistaxis, will usually suffice in the event of mild bleeding.

Drugs

Antifibrinolytic agents are useful as an adjunctive measure
to prevent and control mild or moderate bleeding and may
stop menorrhagia and other mild bleeding manifestations from
mucous membranes, such as epistaxis, e.g. tranexamic acid,
either orally at a dose of 15–25 mg/kg t.d.s. or intravenously at a
dose of 10 mg/kg t.d.s. in the case of more serious bleeding.
Desmopressin (1-desamino-8-D-arginine vasopressin or

DDAVP) is a mainstay of the therapy of patients with congenital
platelet defects. Depending on platelet defect, administration
of desmopressin may shorten the bleeding time. Intravenous,
subcutaneous or intranasal administration of desmopressin
increases factor VIII and VWF transiently by releasing them
from storage sites and its use has been suggested to be of value
in some patients presenting with congenital platelet defects,
such as BSS, MYH9-related disease, GPS, SPD and Glanzmann’s
thrombasthenia. The drug is usually administered at a dosage of
0.3 μg/kg in 50 mL of saline by slow intravenous infusion (over
30 min to avoid possible hypotensive effects) or subcutaneously.
In general, since the response to desmopressin varies among
patients, but is constant in each patient, normalization or
improvement of the closure times of the PF100 or of bleeding
time pre and post a test dose of desmopressin may identify
those patients who may benefit from the drug.
Recombinant activated factor VII (rFVIIa) has proven effec-

tive in the treatment of bleeding in haemophilic patients with
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Table 41.5 Genes involved in congenital platelet disorders.

Disorder Gene Locus Inheritance

Thrombocytopenias and small platelets
Wiskott–Aldrich syndrome WAS Xp11.23-p11.22 XL
X-linked thrombocytopenia WAS Xp11.23-p11.22 XL

Thrombocytopenias and normal-sized platelets
Congenital amegakaryocytic thrombocytopenia c-MLP 1p34 AR
Congenital amegakaryocytic thrombocytopenia and
radioulnar synostosis

HOXA-11 7p15-p14.2 AD

Thrombocytopenia with absent radii RBM8A 1q21.1 AR
Schulman–Upshaw syndrome ADAMTS13 9q34 AR
ANKRD26-related thrombocytopenia ANKRD26 10p2 AD

Thrombocytopenias and large platelets
May–Hegglin anomaly and Sebastian, Epstein Fetchner
syndromes

MYH9 22q11.2 AD

Mediterranean macrothrombocytopenia GPIbα 17p13 AD
Gray platelet syndrome NBEAL2 3p21.1 AR
Jacobsen and Paris–Troussau syndromes FLI1 (Large deletion) 11q23-ter AD

Diseases mainly affecting platelet functions
Bernard–Soulier syndrome GPIbα 17p13 AR

GPIbβ 22q11.2 AR
GPIX 3q21 AR

Pseudo-vWD GPIbα 17p13 AD
ADP receptor defect P2Y12 3q24-q25 AR

P2Y1 3q25 AR
P2X1 17p13.3 AR

Epinephrine receptor defect α2AR 10q24-q26 AR
Collagen receptor defect α2 5q23-q31 AR
Glanzmann’s thrombasthenia αIIb 17q21.32 AR

β3 17q21.32 AR
Thromboxane receptor defect TXBA2 19p13.3 AR
Hermansky–Pudlak HPS1

AP3B1 (HPS-2)
HPS3
HPS4
HPS5
HPS6
DTNBP1 (HPS7)
BLOC1S3 (HPS8)

10q23.1-q23.2
5q14.1
3q24
22q11.2-q12.2
11p15-p13
10q24.32
6p22.3
19q13

AR

Chediak–Higashi CHS1/LYST 1q42.1-q42.2 AR
Quebec platelet disorder PLAU duplication 10q24 AD
Thromboxane receptor defect TXBA2 19p13.3 AR

inhibitors. The administration of rFVIIa in patients with con-
genital platelet disorders, such as BSS, SPD and Glanzmann’s
thrombasthenia may stop spontaneous bleeding and/or may
prevent bleeding during and after surgical procedures, though
arterial and venous thromboembolismhave been described after
its use. Recombinant FVIIa is currently approved in Europe for
prophylaxis and treatment of bleeding in patients with Glanz-
mann’s thrombasthenia with antibodies to GP IIb-IIIa and/or

HLA, and past or present refractoriness to platelet transfusion.
The recommended dose is 90 μg/kg as aminimumof three intra-
venous boluses at 2-hour intervals.
A second generation of synthetic thrombopoietin agonists,

including romiplostim and eltrombopag, have shown great
potential for their use in the treatment of forms of thrombo-
cytopenia, including immune thrombocytopenia purpura and
chemotherapy-induced thrombocytopenia. It is conceivable that
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thrombopoietin agonists would be helpful in congenital throm-
bocytopenia. Safety and efficacy data on eltrombopag was
recently reported also for the management of a major surgical
procedure in patients with MYH9-related disease.

Platelet transfusions

Platelet transfusions are employed to control severe haem-
orrhage in patients with thrombocytopenia or thrombocy-
topathies. Spontaneous as well as post-traumatic bleeding is
common at a platelet count below 20 × 109/L and is extremely
likely at a platelet count below 5 × 109/L. Extensive clini-
cal experience has shown that control of bleeding is possible
upon achievement of an adequate increase in the circulating
platelet count. However, the coexistence of platelet dysfunc-
tions has to be taken into account to correctly calculate the
dosage of platelets required. Platelet transfusions are effective
in controlling bleeding, but may be responsible for transmis-
sion of infectious diseases, febrile reactions or development of
alloimmunization. In patients with thrombocytopathies, platelet
transfusions should be employed only for the treatment of
severe bleeding because of the risk of alloimmunization. The
occurrence of platelet alloimmunization is more frequent in
patients lacking a membrane glycoprotein, such as in BSS and
Glanzmann’s thrombasthenia. Alloantibodies develop because
they recognize the missing proteins in transfused platelets as
foreign and, in turn, may induce refractoriness to platelet
transfusions.

Other measures

Splenectomy has generally no effect in congenital thrombocy-
topathies and in thrombocytopenias but has proven to be effec-
tive in patients with inherited thrombocytopathies. Allogenic
bone marrow transplantation may provide, in theory, an effec-
tive cure for inherited disorders involving platelet count or func-
tions restoring a normalmegakaryocytopoiesis. Indeed, it repre-
sents the only definitive therapy for patients with CAMT and
remains the therapeutic modality of choice for classic WAS.
Bonemarrow transplants have been successfully performedwith
complete correction in patients with amegakaryocytic throm-
bocytopenia with radioulnar synostosis, BSS and severe Glanz-
mann’s thrombasthenia. However, risks of such a drastic pro-
cedure may overcome those related to bleeding tendency and,
therefore, are rarely required in patients suffering from congen-
ital platelet disorders.

Conclusions

Over the last few years, a series of studies have improved
our understanding of the pathogenesis of congenital platelet

Suspected platelet disorder
(thrombocytopenia,

prolonged bleeding time, etc)

Drugs, toxins,
infections, antibodies

Abnormal

Platelet disease

Stop

Resolution

No further
evaluation

Other defects of
primary haemostasis

YesNo

YesNo

Kidney, liver disease,
VWD, leukaemia, etc

Laboratory platelet
investigation

YesNo

Figure 41.2 Schematic algorithm for the initial screening of
patients with congenital platelet disorders.

disorders: several responsible genes have been identified and
several patients have been characterized at the molecular level,
allowing a more accurate comprehension of inherited thrombo-
cytopenias and thrombocytopathies (Table 41.5). Careful eval-
uation of the personal and family history, physical examination
and appropriate laboratory work-up are of major value for the
evaluation of a patient presenting with bleeding due to con-
genital platelet disorders (Figure 41.2). Using this approach, in
many instances it is possible to correctly identify the platelet
defect. However, despite recent advances in knowledge, in most
of the patients with a congenital bleeding disorder and impair-
ment of platelet functions the underlyingmolecularmechanisms
are still unknown. The future challenge will be to further our
understanding of congenital platelet disorders in order to design
specific tools for the diagnosis, prevention and treatment of
these bleeding disorders. Gene therapy promises to be a success-
ful cure for congenital platelet disorders. Hopefully, improve-
ments in such approaches will allow treatment of the majority
of patients suffering from severe congenital platelet disorders.
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42Primary immune thrombocytopenia
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Queen Mary University of London, London, UK

Introduction

Primary immune thrombocytopenia (ITP) is an autoimmune
bleeding disorder that affects both children and adults. Until
fairly recently, it was considered an autoantibody disorder
in which platelets, opsonized with antiplatelet antibody, were
removed prematurely by the reticuloendothelial system. More
recently, studies have shown that in many patients there is a rel-
ative platelet under-production that contributes to the thrombo-
cytopenia.
Many patients have no clinical problems, but bleeding may

occur. ITP is unpredictable in its clinical course. To date, treat-
ment has aimed at reducing the platelet destruction, mainly
through immunosuppression. However, new thrombopoietin
receptor agonists (TRAs) have been developed that enhance
bone marrow platelet production. These recent targeted treat-
ments are likely to be associated with less toxicity than older
therapies.

Clinical features

The two principal forms of ITP, paediatric and adult, differ in
their underlying cause and presentation. In children, ITP may
follow a viral illness or immunization. The profound thrombo-
cytopenia may be associated with extensive petechiae, purpura
and bruises. There may also be bleeding from mucous mem-
branes such as the nose ormouth.Despite the severity of the clin-
ical features, most children need little treatment, and undergo
spontaneous remission in themajority of cases. Around 15%will
develop chronic ITP.

In adults there is generally no prodromal illness and the
patientmay be aware of petechiae or excessive bruising, and seek
medical attention. ITP is often diagnosed by chance, for exam-
ple during hospital admission for surgery or when a full blood
count (FBC) is checked for other reasons.
ITP, particularly in adults, is heterogeneous. Many patients

suffer few clinical problems related to their thrombocyto-
penia, while others have major bleeding from the outset. The
platelet count alone appears to be an unreliable predictor of
outcome, and the clinical symptoms and signs of ITP are influ-
enced by patient age, general health, comorbidities, medication
and many other factors. In addition, there may be an acquired
platelet dysfunction caused by antibody binding to an important
region of the glycoprotein molecules on the platelet surface.
Autoantibodies reacting with glycoprotein (GP)IIb/IIIa may
affect platelet aggregation, and anti-GPIb/IX autoantibodies can
impair platelet adhesion to the subendothelial matrix, causing
unexpectedly severe bleeding for the level of platelet count.
Other autoantibodies such as antiphospholipid antibodies
occur in up to 30% of patients with ITP, and these may affect
platelet and vascular function. However, in general, unlike
the thrombocytopenia that accompanies bone marrow failure,
serious bleeding is not common in patients with ITP.

Reaching a consensus on terminology

Until recently, comparing data from clinical studies in ITP has
been made extremely difficult due to the inconsistent way in
which terminology has been used. For example, the term ‘refrac-
tory’ has been interpreted in different ways. For some it implies
the postsplenectomy patient who has failed to respond or who
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Table 42.1 New Consensus Terminology definitions.

Immune
thrombocytopenia Primary (old term ‘idiopathic’)

Secondary (SLE, etc.)
Diagnosis Requires platelet count

<100 × 109/L
‘Acute’ and ‘chronic’
replaced by

‘Newly diagnosed’, ‘persistent’ and
‘chronic’ (see Figure 42.1)

Severe ITP Where there is clinically relevant
bleeding irrespective of platelet
count

Refractory Failed splenectomy or relapse and
severe ITP or risk of bleeding

has relapsed. Others interpret the term to mean those who do
not respond well to treatment irrespective of splenectomy sta-
tus. Similarly, deciding what constitutes a ‘complete response’ to
therapy differs from study to study,making comparisons of drug
treatments fraught with problems.
In order to address this, a group of experts held a consensus

meeting and agreed on the terminology that should be used in
ITP. These have been published andwill be used in all drug trials,
and in the clinic, from now on. The key terminologies are listed
in Table 42.1.
Chronic ITP implies disease that has been present for 12

months or more from diagnosis. Previously, the term ‘chronic’
applied to individuals who had ITP for 6months or longer. How-
ever, because patients may remit between 6 and 12 months, the
term ‘chronic’ has now been redefined to refer to those indi-
viduals whose ITP has been present for 12 months or greater
(Figure 42.1).

Pathophysiology

ITP in adults is a typical organ-specific autoimmune disease and,
in common with other autoimmune diseases, there is a skewing

0 3 12 months

Newly
diagnosed Persistent Chronic

Figure 42.1 Stages of ITP using the new Consensus Terminology.
After diagnosis until 3 months the patient is described as having
newly diagnosed ITP. If the ITP persists beyond 3 months, it is
termed persistent ITP and once the 12-month milestone has been
reached the disease is described as chronic ITP.

of the Th1/Th2 response towards Th1 (proinflammatory). These
are disorders in which there are antibodies or cells (B cells,
T cells, antigen-presenting cells, or others) that react against self-
antigens. Thesemay cause disease if the target tissue is damaged.
The binding of antibodies to target cells results in clearance of
the antigen from the body. The normal adaptive response, such
as that seen in microbial infection, results in complete removal
of the non-self-antigen. In autoimmune disease, however, there
is continual production and incomplete clearance of the anti-
gen, leading to perpetuation of the immune attack. In ITP the
antigen is platelet glycoprotein, found on megakaryocytes and
platelets.

ITP is multifactorial

From studies of other autoimmune diseases, it is quite clear that
ITP has a multifactorial basis, and that loss of tolerance to a
self-antigen alone is not sufficient to generate the autoimmune
disorder. Patients probably require: (i) a specific set of genetic
determinants, such as polymorphisms within major histocom-
patibility complex (MHC), CTLA4 or other genes, (ii) dysreg-
ulation of the immune response (involving dendritic cells, T or
B cells, or all three) and (iii) an environmental ‘trigger’, which
may be infectious, for example a viral infection. Autoimmune
disease arises only when all these determinants are present in
an individual at the same time. This is further reinforced by the
observation that self-reactive lymphocytes are commonly found
in normal individuals.

Antiplatelet antibodies and their targets

The autoantibodies involved in ITP are generally IgG, but IgA
and IgMautoantibodies have been reported. Opsonized platelets
are removed prematurely by the reticuloendothelial system via
an Fc-dependent mechanism. In addition, the autoantibodies
may impair megakaryocyte growth and development, platelet
release and may also induce apoptosis of megakaryocytes. The
overall result of this is failure of platelet production.
There are various assays for measuring antiplatelet anti-

bodies. Looking for the presence of platelet-associated IgG is
of no value since this is found in non-immune as well as
immune thrombocytopenia. More sophisticated assays, such
as the monoclonal antibody-specific immobilization of platelet
antigens (MAIPA) assay, has greater specificity (90%) albeit with
low sensitivity (50–65%). Using MAIPA, platelet-associated IgG
and antigen capture assays, several platelet antigens have been
characterized. These include GPIIb/IIIa (αIIbβ3, the fibrinogen
receptor) and GPIb/IX (the von Willebrand receptor), which
appear to be the most frequently involved. Less commonly,
GPIa/IIa, GPIV and GPV are involved.
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The role of Helicobacter pylori in the
development of ITP

This Gram-negative microaerophilic bacterium is the main
cause of gastritis and peptic ulcer disease. It has also been
implicated in the development of gastric adenocarcinoma and
mucosa-associated lymphoid tumours, and in some autoim-
mune disorders. A number of studies have shown improvement
in platelet counts in ITP patients positive forH. pylori following
eradication of the bacterium. However, the data from different
studies are conflicting, with some centres showing a very high
rate of response to eradication, while others have a low rate. Fur-
ther support for the involvement ofH. pylori in ITP comes from
studies which have shown that there is a reduction in the level
of antiplatelet antibodies in plasma following eradication of the
bacterium.
How H. pylori may initiate or perpetuate ITP is not known.

Possibilities include molecular mimicry, where there is cross-
reactivity between the antibody, the bacterium and platelet
antigens.

T cells may also be involved

The role of T cells in the development of ITP is becoming clearer.
That T cells are involved has been known for some time, since
the autoantibodies in ITP are predominantly of the IgG sub-
class, and isotype switching from IgM to IgG requires T-cell
help. However, some 40% of patients with chronic ITP have no
detectible autoantibodies yet are thrombocytopenic and appear
to have true ITP. CD8+ T cells have been linked to the patho-
genesis of many autoimmune diseases, such as type 1 diabetes,
and recently it was shown that ITP patients have a direct CD8+

T cell-mediated cytotoxicity that induces platelet destruction. At
present, however, it is unknown whether cell-mediated platelet
destruction contributes to the severity of disease or to the dif-
ficulty of treatment in some patients with ITP. However, recent
studies by Wadenvik’s group in Sweden suggests that in some
patients with ITP, T cells may interact directly with platelets,
inducing platelet lysis (Figure 42.2).

Thrombopoietin levels in ITP

Since thrombopoietin (TPO) is the principal growth factor
involved in platelet production, it might be expected that TPO
levels would be raised in patients with ITP. Plasma TPO lev-
els are undoubtedly elevated in patients with aplastic anaemia,
chemotherapy-induced thrombocytopenia and other marrow
failure syndromes. However, in ITP, levels of TPO are normal
or only modestly elevated (Figure 42.3). The reason for this has
been poorly understood until fairly recently.
The liver produces TPO at a constant rate and this binds

to TPO receptors on platelets and megakaryocytes. The free
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Figure 42.2 Model of cell-mediated cytotoxicity in chronic ITP. In
the case of chronic ITP in the active phase, cytotoxic lymphocytes
release toxic contents, such as granzyme B and perforin, and
platelet lysis occurs.
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Figure 42.3 In normal individuals serum thrombopoietin
(TPO) levels are low. In aplastic states, due to the absence of
megakaryocytes and platelets (which bind TPO), TPO levels are
high. In patients with ITP, the platelet count is low and TPO levels
are normal or modestly elevated. This is believed to be due to
absorption of free TPO by the increased megakaryocyte and
platelet mass which is found in ITP. (Source: Nichol, 1998 [Stem
Cells 1998; 16 (Suppl. 2): 165–75]. Reproduced with permission
of Wiley.)
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Table 42.2 Potential causes of thrombocytopenia in ITP.

� Autoantibody opsonization of platelets leading to destruction
by the reticuloendothelial system
� Autoantibody opsonization of megakaryocytes, with
inhibition of megakaryocyte growth, differentiation and
platelet release
� Autoantibody-induced megakaryocyte apoptosis
� Relative thrombopoietin deficiency
� Molecular mimicry and immune complex formation
� T-cell direct lysis of platelets

(unbound) TPO is able to stimulate the bone marrow to gener-
ate sufficient platelets to counterbalance the natural daily platelet
losses through platelet senescence. The key here appears to
be the free TPO component. The greater this level, the more
the bone marrow is driven to produce increased numbers of
platelets. If the megakaryocyte mass and platelet turnover are
increased, such as in ITP, TPO is bound to the receptors on
these cells, leaving little free TPO to stimulate undifferentiated
bone marrow cells in patients with ITP. There is therefore a
relative lack of TPO in patients with ITP, which compounds
the platelet losses that occur through increased destruction of
platelets by the reticuloendothelial system.
In summary, ITP is much more complex than originally

believed, with several mechanisms leading to thrombocyto-
penia (Table 42.2).

Natural history of ITP

This has not been systematically studied. It is not clear which
patients require treatment, whether treatment has any major
beneficial effect on the patient, whether patients live longer or
whether treatment alters the natural history of the disease. For
the majority of patients, ITP is a fairly minor disorder. Seri-
ous bleeding is not common and clinical sequelae of the dis-
ease are generally absent in patients with platelet counts above
30 × 109/L. There have been a few studies published looking at
clinically relevant bleeding and platelet count. In normal indi-
viduals, there is a correlation between the platelet count and
bleeding. The lower the platelet count, the more likely is bleed-
ing. In ITP this is not the case, and most patients with ITP show
little bleeding until the platelet count drops below 20 × 109/L.
One study showed that no grade 4 bleeding occurred in patients
with platelets greater than 10 × 109/L.

Diagnosis

Despite significant advances in our understanding of ITP, the
diagnosis remains one of exclusion in both paediatric and
adult ITP. A thorough history should be obtained, looking for

diseases thatmight cause thrombocytopenia. The patient should
be asked about bleeding during previous surgery or dentistry.
The sites of bleeding should be determined.
A full physical examination should be normal, apart from

the expected clinical signs associatedwith thrombocytopenia. In
addition to the ‘dry purpura’ of ITP, there should be an examina-
tion of the mucous membranes, including the mouth and optic
fundi looking for the presence of retinal haemorrhage. Enlarge-
ment of the liver, spleen or lymph nodes suggests an alternative
diagnosis.
The laboratory investigation of ITP is straightforward. The

FBC should confirm the isolated thrombocytopenia. There may
be a degree of iron deficiency anaemia, but this should be in
proportion to the clinical history. There should be no abnormal
white blood cells or red cell fragments in ITP. If the latter are
found, the underlying diagnosis may be thrombotic thrombocy-
topenic purpura, a disorder that is farmore serious than ITP and
which requires urgent treatment. Table 42.3 outlines the most

Table 42.3 Investigation of suspected ITP.

Basic evaluation of ITP
� Patient history
� Family history
� Physical examination
� Full blood count
� Peripheral blood film
� Blood group (Rh) and reticulocyte count
� Direct antiglobulin test
� Quantitative immunoglobulin measurement
� Bone marrow examination*
� Helicobacter pylori
� HIV
� HCV

Tests that may be useful in selected cases
� Antiphospholipid antibody (including anticardiolipin and
lupus anticoagulant)
� Antithyroid antibody and thyroid function
� Pregnancy test
� Antinuclear antibodies
� Viral PCR for parvovirus and cytomegalovirus

Tests of unproven or uncertain benefit
� Glycoprotein-specific antibody
� Thrombopoietin assay
� Reticulated platelet count
� Indirect platelet-associated IgG
� Bleeding time
� Platelet survival study
� Serum complement levels

*The need for bone marrow remains contentious and the indications for
performing this test are discussed in Table 42.4.
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Table 42.4 Indications for bone marrow examination in ITP.

� Failure to respond to, or relapse following, first-line therapy
� Presence of atypical clinical or laboratory features
� Age >60 years
� Before splenectomy (but see text)

useful tests in the diagnosis of ITP, along with other tests that
are either of limited or no value.

Bone marrow examination

Previously, one of the mainstays of diagnosis was assessment of
the bone marrow. The rationale behind this was the possibil-
ity of a patient having a marrow disorder such as leukaemia,
lymphoma or infiltration. However, studies to date have shown
quite clearly that in patients with isolated thrombocytopenia,
and with no atypical symptoms or signs, no cases of bone mar-
row pathology were detected. For this reason, recent guidelines
do not recommend performing a bone marrow examination in
ITP. If patients fail to respond to, or relapse following, first-line
treatment, then a bone marrow examination should be carried
out. Similarly, if there is any hepatomegaly, splenomegaly, lym-
phadenopathy or any clinical or laboratory feature suggesting
the presence of a disease other than ITP, a bone marrow exami-
nation should be performed. Bone marrow examination should
also be performed if the patient is above the age of 60 years, since
myelodysplasia becomes more likely, and myelodysplastic syn-
drome may resemble ITP. Finally, a bone marrow examination
should possibly be carried out if splenectomy is being contem-
plated (Table 42.4).
Cytologically, the bone marrow in ITP generally shows nor-

mal development andmaturation of all cell lines.Megakaryocyte
numbers are typically normal or increased. During the clinical
trials of the TRAs some patients developed increased reticulin
fibrosis in the bonemarrow. Subsequent reviews of patients with
ITP who have not received any treatment have shown that bone
marrow reticulin is increased in around two-thirds of patients.
The increased reticulin seen in the TRA studies is most likely
due to stimulation of pre-existing reticulin.

Management

Major haemorrhage is themost feared event in patients with ITP.
Over the years, attempting to prevent this by treating all patients
with a platelet count below 30× 109/L has led to over-treatment.
However, catastrophic bleeding is not commonly seen and the
main aim of treatment today has shifted away from trying to
normalize the platelet count towards finding a strategy that will
allow the patient to achieve a ‘safe’ platelet count. What con-
stitutes a safe platelet count will vary from patient to patient,

and also each patient with ITP will have differing requirements
throughout their disease history. For example, a young patient
with platelet count of 20× 109/L should be safe towork and carry
out normal day-to-day activities, but would not be deemed safe
if he or she wished to ski or undergo surgery. The safe platelet
count would therefore be higher during these haemostatic chal-
lenges. The one-size-fits-all approach has failed to work over
the years and has caused increased morbidity and mortality in
patients due to the adverse effects associated with many of the
treatments in current use.When considering ITP treatments, we
need to separate these into two major approaches: short-term
and long-term treatments. These are discussed later.
There are many current treatments for ITP, although most

have not been approved (licensed) for this indication. Those that
do have a licence for ITP include corticosteroids, intravenous
immunoglobulin (IVIg), intravenous anti-D and more recently
the TRA class of drugs. All the others, of which there are many,
have been used for many years, but they have never undergone
formal study and are not specifically approved for ITP.
Many treatments are of relatively low efficacy when used

alone (around 30%), andmost treatments, apart from the TRAs,
address solely platelet destruction. They do this through a
variety of different mechanisms, but the net result is immuno-
suppression. The original rationale behind this was that in
order to reduce the degree of autoantibody production, platelet
opsonization and destruction by the reticuloendothelial system,
the entire immune response should be suppressed. To some
extent this works, although the treatments are purely palliative
and once the treatment stops the platelet count drops to base-
line levels once again. The disadvantage of immunosuppression
is that, as well as reducing the level of antiplatelet antibody or
diminishing the effectiveness of the reticuloendothelial system,
normal immunity is suppressed. This can lead to infections and
other complications. One study from 2001 showed quite clearly
that, of the patients with ITP who died, at least half succumbed
to infection caused by the immunosuppressive agents.
Traditionally, treatments have been grouped into first line,

second line, third line and so on, depending on the disease stage
in which they are used. These terms are not particularly useful
clinically, but do provide a guide as to which treatments to use
initially and which should be used later.
First-line therapies comprise corticosteroids, IVIg and anti-D.

These three treatments work fairly quickly (within 24–48 hours)
and their efficacy rates are high at around 70–80%. The disad-
vantage of these and most of the other treatments is that the
platelet count generally drops once the treatment is stopped.
These treatments are seldom curative, and must be considered
palliative therapies. In addition, IVIg and anti-D are pooled
blood products.
If patients fail to respond to first-line treatment theymay then

be given a second-line drug, such as azathioprine, mycopheno-
late mofetil or a TPO receptor agonist (Table 42.5). As with first-
line drugs, second- and third-line treatments are palliative.
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Table 42.5 Treatment options after first-line therapy.

Non-approved second-line treatments
� Azathioprine
� Dexamethasone
� Methylprednisolone
� Ciclosporin
� Mycophenolate mofetil
� Cyclophosphamide
� Danazol
� Dapsone
� Vincristine
� Rituximab

Surgical second-line treatment
� Splenectomy

Approved second-line treatments
� Romiplostim
� Eltrombopag

Splenectomy

Splenectomy is a surgical second-line option for patients who
have relapsed after treatment with a first-line drug, although
many clinicians prefer to defer splenectomy until at least 12
months from diagnosis. The procedure increases the lifespan of
antibody-coated platelets and may reduce antibody production.
Responses are seen in about two-thirds of patients, who achieve
a normal platelet count, and the response is often sustained with
no additional therapy for at least 5 years. Even patients who
do not have a complete response may still expect a partial or
transient increase in platelet count. Around 14% of patients do
not respond and approximately 20% of responders will relapse
months or years later.

Postoperative complications of splenectomy
The complication rates of splenectomy are 12.9% with laparo-
tomy and 9.6% with laparoscopic splenectomy. The mortality
rate is 1.0% with the open laparotomy procedure and 0.2% with
laparoscopy.
Venous thromboembolism (VTE) may occur follow-

ing splenectomy, particularly if the platelet count rises to
1000 × 109/L or more. ITP itself carries a small increased risk
of VTE, although the exact level of risk is not known, but there
may be an additive VTE effect in patients with ITPwho undergo
splenectomy. ITP patients should be evaluated for this risk and
appropriate thromboprophylaxis should be provided.

Predicting the response to splenectomy
Clinicians have long sought possible predictors of response to
splenectomy. Potential predictors have included response to
oral corticosteroids, IVIg and others. Indium-labelled autolo-
gous platelet scanning appears to be the most sensitive predictor

of response to splenectomy. However, indium scanning is not
available in every hospital, but is limited to only a few centres
worldwide.

Prevention of infection after splenectomy
(see also Chapter 17)
Splenectomized patients are at long-term risk for oppor-
tunistic postsplenectomy infection (OPSI) with encapsulated
bacteria. OPSI is often rapidly progressive and has a poor out-
come. The main organisms responsible for sepsis in splenec-
tomized patients are pneumococci (50%), meningococci and
Haemophilus influenzae.
In order to prevent OPSI, patients should be given prophylac-

tic polyvalent pneumococcal vaccine at least 4 weeks prior to,
or 2 weeks after, splenectomy, with re-vaccination according to
local guidelines. H. influenzae b and meningococcal C conju-
gate vaccinations should also be administered prior to splenec-
tomy. Re-vaccination in susceptible individuals for H. influen-
zae should be administered according to local guidelines.
In the UK, the Chief Medical Officer advises the long-term

use of oral antibiotics in the form of phenoxymethylpenicillin
250 mg twice daily, or equivalent, or erythromycin 250 mg twice
daily if the patient is allergic to penicillin. However, the need for
lifelong antibiotic prophylaxis remains unproven.

Short-term treatment

This refers to treatments lasting 2 weeks or more, which can be
used when patients have a sudden drop in their platelet count
leading to an unacceptably low platelet count, or when patients
face haemostatic challenges such as planned surgery or dentistry,
or other high-risk activity, where themain risk is excessive bleed-
ing. Patients are generally started on treatment 1 or 2 weeks
prior to the event, with regular monitoring of platelet counts.
Table 42.6 shows the target platelet counts for the most common
procedures.

Long-term treatment

This is required when patients have an unsupported platelet
count that is too low for normal day-to-day activities. Gener-
ally, these patients will have failed other therapies or, if they

Table 42.6 Target platelet counts for procedures.

Procedure Target platelet count

Dentistry (non-invasive) Any
Dentistry (fillings, local anaesthesia) ≥30 × 109/L
Minor surgery ≥50 × 109/L
Major surgery ≥80 × 109/L
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responded to corticosteroids, they require unacceptably high
doses to maintain a safe count. In this setting the aim is not to
achieve a specific count, but rather to move the platelet count
into a ‘safe’ zone. This will vary from patient to patient. In gen-
eral, once platelets exceed 15–20 × 109/L the risk of bleeding is
low. Older individuals, or those with comorbidities or previous
bleeding, will generally require a higher platelet count.
As we have already seen, most of the existing treatments used

for long-term platelet control have known toxicities. The aim
with long-term treatment is to use a treatment that has accept-
able levels of toxicity, but which achieves the desired platelet
count.

Patients with refractory ITP

The term ‘refractory’ has caused confusion over the years due to
a lack of agreement about whether the term should be used only
for patients who have suffered a failed splenectomy. The new
Terminology Consensus document published in 2009 defines
refractory ITP as that where the patient has undergone splenec-
tomywhich has failed or relapsed, andwhohas ‘severe’ ITP (clin-
ically relevant bleeding) or a risk of bleeding. Some 20% ormore
of adult patients fall into this category. Clinically, patients with
refractory ITP pose a major challenge since, by definition, they
are resistant tomany of the treatments in current use. They often
have low platelet counts, in addition to bleeding that is diffi-
cult to control since the disease is unresponsive to conventional
therapies.

Is drug treatment needed?

Many adults with chronic refractory ITP are able to tolerate
severe thrombocytopenia (platelet count as low as 10 × 109/L)
relatively well, with near-normal quality of life. For patients who
fail to respond to standard therapies and who require treatment,
a limited number of options are available. The risks of continuing
therapy should be discussed and evaluated with the patient and
compared with the benefits that treatmentmay provide. Patients
should be assessed for other possible causes of their thrombocy-
topenia, including drug-induced, infection, inherited thrombo-
cytopenia and myelodysplastic syndromes. Instead of receiving
further ineffective treatments, many patients choose to live with
lower platelet counts and, providing they remain free of bleed-
ing, a watching brief can be kept. If any bleeding does occur, the
patient can be treated with rescue therapy such as IVIg in com-
bination with intravenous corticosteroids or cyclophosphamide,
aimed at raising the platelet count rapidly.

Rituximab

This chimericmonoclonal antibody targets the CD20 antigen on
B cells and is licensed for B-cell non-Hodgkin lymphoma and

rheumatoid disease. There have been several studies of its use
in ITP and other autoimmune haematological disorders. How-
ever, there are no randomized controlled studies and the drug
has not been approved for use in ITP. Nonetheless, rituximab
does appear to be effective in ITP, even when patients have failed
multiple therapies. The largest review of rituximab in ITP was
conducted by Arnold and colleagues, whose data suggest that
around 60% of patients will respond to rituximab and approxi-
mately 40% of all patients will achieve a complete response. The
responses are bimodal, with an early phase within 1–2 weeks
and a second peak at about 6–8 weeks. Response duration varies
from 2 months in partial responders to 5 years or more in about
15–20% of initially treated patients.
There are safety concernswith rituximab and it should be used

with caution in any patient who has positive hepatitis B core
antibody status, since hepatitis B may be re-activated. Adverse
events associated with rituximab are usually mild or moder-
ate, with a low incidence of infections. However, B- and T-cell
repertoires do not return to normal, even when B-cell numbers
have normalized. Severe infectious complications, including
Mycoplasma pneumoniae and Aspergillus niger, echovirus,
papovavirus and cytomegalovirus, have been reported. There
are also reports of over 50 cases of progressive multifocal leuco-
encephalopathy (PML) associated with rituximab treatment in
patients with lymphoma and connective tissue disorders.
In terms of dosing, instead of using standard lymphoma

doses (375 mg/m2 weekly for 4 weeks), lower doses of rituximab
(100 mg IV weekly for 4 weeks) have been shown to be equally
effective.

Combination chemotherapy

This form of treatment may be effective for some patients with
chronic refractory ITP. Recently, Tao and colleagues investigated
a combination comprising intravenous cyclophosphamide on
days 1–5 or 7 and prednisone on days 1–7, combined with vin-
cristine on day 1, and one of the following: azathioprine on days
1–5 or 7 or etoposide on days 1–7. The overall response rate in
the 31 patients treated was 67.9%, including a complete response
in 41.9%; the therapy was well tolerated. Other combinations,
such as CHOP and COP, have been used. However, the toxicities
and side-effects of these therapies make them unpopular with
both clinicians and patients.

TPO receptor agonists

Because of the relative lack of TPO seen in ITP, as discussed
earlier, there is the potential to use exogenous TPO in order
to stimulate the bone marrow to generate more platelets. Early
experience with recombinant human TPO (rhTPO) and recom-
binant human megakaryocyte growth and development factor
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(rhMGDF) yielded mixed results. The drugs appeared to be
effective in raising the platelet count, but cross-reacting antibod-
ies to the drugs neutralized endogenous TPO, making patients
more thrombocytopenic than before the drug was given. For
this reason, development of rhTPO and rhMGDF ceased. More
recently, rather than develop TPO receptor agonist drugs based
on endogenous TPO, where there would be significant sequence
homology and the potential for neutralizing antibodies to
develop, pharmaceutical companies decided to create drugswith
no sequence homology to the native TPO protein. Two TPO
receptor agonists are now approved: one is a peptibody called
romiplostim, and the other, eltrombopag, is a small non-peptide
molecule. Both have undergone rigorous trials in adult patients
with ITP both before and after splenectomy. The efficacy rates
are encouraging in all patients, and since they do not involve
immunosuppression and are not corticosteroid-based, they
appear to offer many advantages over the drugs in current use.
From pivotal randomized clinical trials, responses to romi-

plostimwere seen in 88% of non-splenectomized patients and in
79% of splenectomized patients. Concomitant ITP medication
was reduced or stopped in 79%of subjects and therewas a reduc-
tion in rescue medication. From clinical trials of eltrombopag,
efficacy was reported at 79%, again with a reduction or cessation
of concomitant medication in 59%, with reduction in bleeding
reported at 76%. Both of these agents are now licensed for use as
second-line treatment for ITP, in keeping with the recent Con-
sensus document, although within the EU their label indication
is for patients who have failed splenectomy or in whom splenec-
tomy is contraindicated.

ITP in children

Children with ITP are treated based on clinical bleeding, qual-
ity of life and not just platelet count. Severe bleeding is uncom-
mon in children with ITP, even when the platelet count is very
low (<10 × 109/L). The incidence of intracranial haemorrhage
(ICH) in children with ITP is around 0.1–0.5%. As with adult
ITP, there is no method to predict which children will develop
ICH, and this complication has been reported even in children
receiving treatment for ITP. In general, however, ICH is com-
moner in patients with refractory or resistant disease than at ini-
tial presentation. Investigation of childhood ITP is similar to that
in adults, although the incidence of H. pylori infection is much
lower and there is no need to screen for this.

‘Watch and wait’ policy

Around 70% of children with acute ITP do not have signifi-
cant bleeding symptoms and can bemanagedwithout drug ther-
apy. Admission to hospital should be reserved for children with
clinically significant bleeding, such as severe epistaxis or gastro-
intestinal or other bleeding. Most children with minor, mild or

moderate symptoms can be safelymanaged in the outpatient set-
ting. The emphasis is towards treating symptoms rather than
platelet counts, since the platelet count is a surrogatemarker and
does not accurately predict clinical outcome.

General measures for persistent and chronic
ITP in children

The management of children with persistent/refractory ITP is
much the same as for newly diagnosed ITP. Many children
stabilize with an adequate platelet count (>20–30 × 109/L) and
have no symptoms unless injured. In children who are less than
10 years of age at diagnosis, spontaneous remission is likely to
occur, and expectant management can continue depending on
the risk of bleeding and the degree of activity restriction of the
child. The onset of menstruationmay be problematic and can be
managed with antifibrinolytic agents and the combined contra-
ceptive pill.
The optimal management of chronic ITP in childhood is not

known. Treatment should be tailored to each individual child
and situation, and therapy should be effective and it should not
carry more risk than the untreated condition.

Treatment options in childhood ITP

Children with severe bleeding symptoms should be treated.
Treatment should also be considered in children with moderate
bleeding or those at increased risk of bleeding.

First-line treatment in children
The majority of children require no medical treatment, and
can be managed using a ‘watch-and-wait’ policy. If treatment is
deemed to be required, options include IVIg, anti-D and corti-
costeroids. The other drugs used in adult ITP are not suitable for
childhood disease due to their toxicities and long-term sequelae.
IVIg raises the platelet count in more than 80% of chil-

dren and does so more rapidly than steroids or no therapy.
Transient side-effects are seen in 75% of children. Intravenous
anti-D immunoglobulin can be given to Rh(D)-positive chil-
dren as a short infusion and is useful in the outpatient set-
ting. Mild extravascular haemolysis is common, with a mean
drop in haemoglobin of 10 g/L. Like IVIg, anti-D is a pooled
blood product, but it is derived from a smaller donor pool. The
safety profile of anti-D is good with no reported transmission
of infection to date. However, there have been reports of severe
intravascular haemolysis leading to disseminated intravascular
coagulation, most of which have been fatal. Prednisolone at a
dose of 1–2 mg/kg daily for a maximum of 14 days is effective
in around 75% of children (platelet count >50 × 109/L) within
72 hours.More prolonged high-dose corticosteroid regimens are
associated with increased toxicity. There are data to suggest that
higher doses of prednisolone (4 mg/kg) for shorter courses may
be more effective and associated with fewer side-effects. TRAs
are currently not licensed for use in children.
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ITP in pregnancy (see also Chapter 50)

Thrombocytopenia occurs in 5% of pregnancies, but most of
these cases are gestational rather than immune-mediated. The
diagnosis of ITP involves the exclusion of other causes of throm-
bocytopenia during pregnancy. Patient history, physical exami-
nation, blood count and blood film examination are used as in
non-pregnant patients. The work-up of a pregnant patient with
ITP is essentially the same as that of a non-pregnant patient.
There are some conditions specific to pregnancy and these
should be considered when investigating a pregnant patient with
thrombocytopenia (Table 42.7).

Table 42.7 Causes of maternal thrombocytopenia in pregnancy.

� Gestational thrombocytopenia
� Pre-eclampsia, HELLP syndrome, disseminated intravascular
coagulation
� Folate deficiency
� Massive obstetric haemorrhage
� Acute fatty liver

HELLP, haemolysis, elevated liver enzymes, low platelets.

Laboratory investigation of ITP in pregnancy

ITP in pregnancy, as with other types of ITP, is a diagnosis of
exclusion. All investigations carried out in pregnancy are aimed
at excluding conditions that may result in thrombocytopenia.
Some disorders such as thrombotic thrombocytopenic purpura
and HELLP syndromes require urgent diagnosis and treatment
since the mortality rates are high (Table 42.8).

Table 42.8 Investigation of suspected ITP in pregnancy.

� Coagulation screening (prothrombin time, PT)
� Activated partial thromboplastin time (APTT)
� Fibrinogen assay
� Liver function tests including bilirubin, albumin, total
protein, transferases, γ-glutamyl transferase and alkaline
phosphatase
� Antiphospholipid antibodies, including anticardiolipin
antibodies and lupus anticoagulant
� SLE serology
� Review of the peripheral blood film
� Reticulocyte count
� Bone marrow examination: not required to make the
diagnosis of ITP in pregnancy

Management of ITP in pregnancy

There should be close collaboration between the obstetrician,
haematologist, obstetric anaesthetist and neonatologist. Treat-
ment is largely based on the risk of maternal haemorrhage.
Throughout the first two trimesters, treatment is initiated when
the patient is symptomatic and/or when platelet counts fall
below 20 × 109/L, or when it is necessary to produce an increase
in platelet count to a level considered safe for procedures
such as obstetric delivery or epidural anaesthesia. Patients with
platelet counts of 20–30 × 109/L or more do not require routine
treatment.

Delivery

A platelet count above 50 × 109/L is generally acceptable for
standard vaginal or caesarean delivery. For epidural anaesthe-
sia a platelet count of 75 × 109/L is required, although this is not
evidence-based.

Treatment options in pregnancy

The primary treatment options for maternal ITP are similar to
those of other adult ITP patients, namely corticosteroids and
IVIg. There is limited evidence for the use of intravenous anti-D,
splenectomy and azathioprine. Other agents, such as vinca alka-
loids, rituximab, danazol,most immunosuppressive drugs (apart
from azathioprine) and TRAs should not be used in pregnancy
because of possible teratogenicity.

Corticosteroids
These are themost cost-effective option. Prednisolone is initially
given at a dose of 10–20 mg/day andmay then be adjusted to the
minimum dose that produces a haemostatically effective platelet
count. At least 90% of the administered dose of prednisolone is
metabolized in the placenta by 11β-hydroxlase, but high doses
may have an effect on the fetus.

Intravenous immunoglobulin
If prolonged high-dose steroid therapy is required or significant
side-effects occur, or a rapid platelet increase is required, IVIg
should be considered. The conventional doses of IVIg and likely
response rates are similar to those seen in non-pregnant patients.

Options for maternal ITP refractory to first-line
treatment
As with non-pregnant adults, combining first-line treatments in
the refractory patient may be appropriate in the weeks prior to
delivery. High-dose methylprednisolone (1000 mg), possibly in
combination with IVIg or azathioprine, has been suggested as a
treatment for pregnant patients refractory to oral corticosteroids
or IVIg. Azathioprine has been used for many years in the post-
transplant setting and this drug appears to be safe in pregnancy,
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though the response is generally slow. Splenectomy in pregnancy
is rarely required, but if essential is best carried out in the second
trimester.

Management of the neonate
(of mothers with ITP)
ITP in the neonate (from mothers with ITP) accounts for 3%
of all cases of thrombocytopenia at delivery. The fetal or neona-
tal platelet count cannot be reliably predicted from the maternal
platelet count. After delivery, a cord blood platelet count should
be determined in all cases. Intramuscular injections (such as
vitamin K) in the fetus should be avoided until the platelet
count is known. Those infants with subnormal counts should
be observed clinically and haematologically, as the platelet count
tends to fall further to a nadir between days 2 and 5 after birth.
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CHAPTER 43

43Thrombotic thrombocytopenic purpura
and haemolytic–uraemic syndrome
(congenital and acquired)
Pier Mannuccio Mannucci, Flora Peyvandi and Roberta Palla
Bianchi Bonomi Hemophilia and Thrombosis Center, IRCCS Cà Granada, Ospedale Maggiore, Milan, Italy

Historical introduction

Thrombotic thrombocytopenic purpura (TTP) was first
described in 1924 by Moschcowitz in a 16-year-old girl who
died after an acute illness presenting with a pentad of signs and
symptoms (anaemia, thrombocytopenia, fever, hemiparesis and
haematuria). Post-mortem examination found disseminated
thrombi in the terminal circulation of several organs, mainly
composed of platelets. Over the next three decades, other cases
were described, mainly but not exclusively in women, occur-
ring in isolation (idiopathic) or in association with various
diseases or conditions (Table 43.1). It was understood that
thrombocytopenia was caused by platelet consumption due
to their widespread deposition in microvascular thrombi, and
that anaemia was due to massive intravascular haemolysis after
mechanical fragmentation (schistocytosis) of red cells forced by
blood flow to pass through partially occluded vessels.
Thirty-one years after Moschowitz, Gasser described a syn-

drome that we called haemolytic–uraemic syndrome (HUS).
In common with TTP, HUS was characterized by microan-
giopathic haemolytic anaemia, consumption thrombocytopenia
and microvascular thrombosis, but differed because it occurred
with minimal neurological symptoms, but severe signs of renal
damage. Subsequently, it became apparent that a clear distinc-
tion between the two syndromes was often difficult. Although
thrombocytopenia, anaemia and ischaemic symptoms due to
widespread thrombus formation in the terminal circulation of
several organs were rather consistent features, the prevalence of

neurological over renal symptoms could not clearly differentiate
TTP from HUS and vice versa. The term thrombotic microan-
giopathy (TMA) was then proposed, intended to emphasize the
common pathology of the two syndromes, with no implication
on the prevalence of neurological versus renal symptoms.
In the early 1980s, a major breakthrough strengthened the

unitarian TMA terminology. Even though it had been postu-
lated for a long time that massive thrombus formation was due
to the presence in the circulation of substance(s) that aggre-
gated platelets intravascularly, the putative aggregating agent
had remained elusive. In 1982, Moake and others demonstrated,
first in TTP and subsequently also in HUS, that patient plasma
contained highly thrombogenic forms of the multimeric glyco-
protein von Willebrand factor (VWF), a major adhesive moiety
contained in endothelial cells, platelets and plasma. Abnormal
VWF multimers of particularly high molecular weight (ultra-
large) bind more avidly to the platelet glycoprotein (GP)Ib and
aggregate platelets in conditions of high shear stress. Accord-
ingly, it was postulated that ultra-large VWF is the aggregating
agent involved in the formation of occlusive thrombi in the ter-
minal circulation, both in TTP and HUS.
It remained to be explained why ultra-large multimers, nor-

mally absent, were present in patient plasma. Even though
the deficiency or dysfunction of one or more enzymes dis-
posing of them physiologically was postulated, it was not
until the late 1990s that Furlan, Tsai and their associates
independently showed that the link between ultra-large VWF
multimers and TTP was a metal ion-dependent plasma

Postgraduate Haematology, Seventh Edition. Edited by A Victor Hoffbrand, Douglas R Higgs, David M Keeling and Atul B Mehta.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

783



Postgraduate Haematology

PS
propeptide

Catalytic
domain

(binding site with
Ca2+/ Zn2+) 

Disintegrin-
like domain

TSP-1 TSP-1
domains

Cys-rich
domain
(RGDS)

SPACER 2 CUB
domains

Figure 43.1 Domain structure of ADAMTS13. TSP1: thrombospondin 1; RGDS: Arg-Gly-Asp-Ser; CUB: Complement components
C1r/C1s, Urinary epidermal growth factor, Bone morphogenetic protein-1.

Table 43.1 Conditions and diseases associated with TTP.

� Pregnancy and post partum
� Infections (particularly HIV)
� Drugs (quinine and quinidine, ticlopidine, clopidogrel,
ciclosporine, interferon-α, statins)
� Chemotherapy (mitomycin, cisplatin, gemcitabine)
� Allogeneic bone marrow transplantation
� Connective tissue disorders (lupus erythematosus and
scleroderma)
� Cardiac surgery

metalloproteinase of 190 kDa, identified in 2001 by Zheng
and colleagues as a new (the 13th) member of the ADAMTS
(A Disintegrin And Metalloprotease with ThromboSpondin-
1 repeats) family of metalloproteases (Figure 43.1). The only
known physiological function of this protease, present in plasma
and platelets, is to regulate the size of VWFby disposing of ultra-
large multimers as soon as they are secreted from endothelial
cells into plasma (Figure 43.2), thereby preventing heightened
platelet aggregation and thrombus formation.Most importantly,
both the groups of investigators made the seminal observation
that ADAMTS13 was deficient in the plasma of TTP patients,
but measurable in normal amounts in those with HUS. This
observation challenged the unitarian theory of TTP and HUS

as different clinical manifestations of the same pathological pro-
cess (TMA), and generated the paradigm that TTP is due to
low plasma levels of the VWF-cleaving protease, not involved in
HUS pathogenesis. This attractive paradigm was not fully sus-
tained by the next progress of knowledge, because not all cases of
TMA diagnosed as TTP owing to the prevalence of neurological
symptoms have low or undetectable levels of ADAMTS13. On
the other hand, even if most cases diagnosed as HUS due to the
prevalence and severity of renal symptoms have normal plasma
levels of ADAMTS13 (particularly cases typically occurring in
associationwith diarrhoea), there are atypicalHUS cases charac-
terized by lowor undetectable protease levels. Tools to accurately
differentiate one disease from the other are not yet readily avail-
able. On the other hand, a differential diagnosis is important in
order to allow for the prompt initiation of the most appropri-
ate therapy of these life-threatening diseases (plasma therapy in
TTP, the complement inhibitor eculizumab inHUS, particularly
in the atypical form).

Thrombotic thrombocytopenic purpura

TTP is a rare disease, with an estimated yearly incidence of less
than 5 cases per million in all racial groups. Recently, greater
awareness and perhaps improved diagnostic facilities give the
impression that incidence is increasing. Even though both sexes

Endothelial cell

Unusually large multimers
500–20,000 kDa

ADAMTS13

TTP

Lower-molecular-
weight multimers

500 kDa

vWFAntibodies

ADAMTS13 Platelet
aggregation
and thrombi

Unusually large
multimers

Figure 43.2 Pathophysiology of TTP. VWF is secreted
from endothelial cells in the form of ultra-large
multimers that anchor to endothelial cell surfaces and
are also released into the circulation. ADAMTS13
cleaves a Tyr–Met bond in the A2 domain of VWF,
severing the ultra-large multimers. Failure of cleavage
leads to the persistence in plasma and onto endothelial
cells of ultra-large multimers, which aggregate platelets,
especially in conditions of high shear forces.
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may be affected, the syndrome is definitely more frequent in
women (two-thirds of cases).
Congenital TTP, caused by mutations in the ADAMTS13

gene, is inherited as an autosomal recessive trait and is often,
but not exclusively, clinically manifest at birth or during early
childhood. Acquired TTP is mainly due to autoantibodies that
inactivate or bind ADAMTS13. The most common physiologi-
cal or pathological conditions associated with autoimmune TTP
are pregnancy, infections, immunomediated diseases and the use
of drugs such as ticlopidine and clopidogrel. There are also forms
secondary to metastatic tumors, organ transplantation (particu-
larly allogeneic bone marrow and solid organ transplants) and
the use of such drugs as ciclosporin, mitomycin and interferon-
α.Mortalitywas very high (80–90%) until plasma exchange ther-
apy was introduced, and is still high (10–20%) despite the dra-
matic improvement due to the adoption of this transfusional
procedure. Because of the variability of presenting symptoms
and associated comorbid conditions (see Table 43.1), cases of
TTP may be initially seen by a variety of physicians other than
haematologists, such as neurologists, nephrologists, oncologists
and gynaecologists, and this sometimes hinders the prompt
recognition of the syndrome, an essential requisite for optimal
management.

Pathology and pathogenesis

The pathological basis of TTP is the widespread formation in
the microcirculation of platelet thrombi, associated with rela-
tively little endothelial cell injury and fibrin formation, but with
abundant intrathrombus VWF. Microthrombi are found in sev-
eral organs (mainly brain, kidney, myocardium, adrenal gland,
digestive tract and pancreas) and lead to multiorgan failure,
whereas grossly detectable thrombi in large arterial and venous
blood vessels are usually lacking. The currentmechanisticmodel
implies that endothelial cells, activated by varied and often
unidentified triggering agents, secrete larger amounts of ultra-
large, uncleaved VWF which, in the presence of ADAMTS13
deficiency, aggregates platelets directly in conditions of high
fluid shear stress, leading tomassive intravascular platelet aggre-
gation, ischaemic organ damage, consumptive thrombocytope-
nia and mechanical haemolytic anaemia. As mentioned above,
two main mechanisms cause ADAMTS13 deficiency in TTP:
mutations in the gene that encodes the protease and the acquired
development of anti-ADAMTS13 autoantibodies.

Congenital TTP
Congenital TTP is very rare and represents no more than 5%
of all TTP cases. It usually occurs early after birth or during
early childhood, although in relatively rare instances the genetic
disease may become manifest in adulthood. Congenital TTP is
caused by homozygous or double heterozygous mutations in the
ADAMTS13 gene (located on chromosome 9q34) that affect
protein secretion or function. To date, more than 150 mutations

have been identified. Analysis of mutation location on the
ADAMTS13 gene reveals no evident hotspots, even though
75% of themissensemutations are in the portion of the gene that
encodes the N-terminal domains of the molecule. Most of the
identified mutations are missense; the remaining are nonsense,
frameshift and splicing mutations generating truncated forms
of the protease. Of the 20–30% mutations analysed by in vitro
expression studies, the majority affect ADAMTS13 biosynthe-
sis, intracellular trafficking and secretion and/or proteolytic
activity.
Notwithstanding the detection of severe ADAMTS13 defi-

ciency, the clinical presentation of congenital TTP is variable,
with between-patient differences in terms of age of disease onset,
clinical severity, number of relapses and need for long-term
prophylactic replacement therapy. The type of mutation may
account for some of this heterogeneity and influences the sever-
ity of the clinical phenotype: mutations in the part of the gene
encoding the N-terminal domains of the protease may be asso-
ciated with more severe disease, in terms of earlier age of first
TTP episode and higher annual rate of recurrent episodes. Per-
taining to the potential triggers of acute episodes, conditions
such as pregnancy and infections are believed to act by inducing
an increase in VWF levels exceeding the levels that the residual
active protease can degrade, leading to the precipitation of acute
TTP episodes.

Acquired TTP
Autoimmune TTP accounts for the great majority of clinical
cases and mainly occurs in adults, often in the absence of any
obvious trigger. However, it can also arise secondary to other
conditions: immunomediated diseases, infections, drug intake,
pregnancy, sepsis, tumours and bone marrow transplantation.
The higher incidence of autoimmune TTP in specific ethnic
groups such as Afro-Caribbeans, as well as the onset of idio-
pathic TTP in two monozygotic twins both developing anti-
ADAMTS13 antibodies, argue for a genetic predisposition for
this acquired disease. AutoimmuneTTP is due to antibodies that
inhibit the proteolytic activity of ADAMTS13 and/or bind the
protease to accelerate its plasma clearance through opsoniza-
tion and/or other yet unclear mechanisms. Anti-ADAMTS13
are usually of the IgG type, although in a few cases autoantibod-
ies were of the IgA and/or IgM isotype. Epitopemapping of anti-
ADAMTS13 showed that in the majority of cases (88%) they are
polyclonal (IgG4), with a primary epitope in the Cys-rich spacer
domain of the protease, a domain essential for efficient VWF-
cleavage activity and crucial for the interaction between VWF
and the protease. However, cases of autoimmune TTP are also
observed in patients with IgGmolecules that react with the TSP1
2–8 andCUB domains of ADAMTS13. It is unclear why patients
with sustained autoimmune ADAMTS13 deficiency in plasma
develop clinical symptoms and signs only sporadically.
Not all patients with acquired TTP, as diagnosed by clin-

ical criteria (consumptive thrombocytopenia and mechanic
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haemolytic anaemia) have severeADAMTS13 deficiency (<10%
of protease activity) and some may have measurable or even
normal plasma levels of activity. Furthermore ultra-large VWF
multimers are not constantly detected in patient plasma, per-
haps because there is an imbalance between their plasma
release from endothelial cells and heightened binding to
platelets, so that larger multimers may be even lacking in
plasma.

Clinical and laboratory findings

The presence of both consumptive thrombocytopenia and
haemolytic anaemia is essential for a diagnosis of TTP. Platelet
count is often very low in the acute phase, with values of
30 × 109/L or less. Signs of mechanical haemolytic anaemia
(haematocrit usually<20%) include the presence of schistocytes
on peripheral blood smears, reticulocytosis, high indirect serum
bilirubin, low or unmeasurable haptoglobin and negative direct
Coombs test. High serum lactate dehydrogenase (LDH), usu-
ally in excess of 1000 U/L, a sensitive albeit non-specific sign
of red cell destruction and tissue necrosis due to microthrom-
botic organ ischaemia, is an excellent parameter to monitor dis-
ease evolution. Neurological symptoms (coma, stroke, seizures
or focal signs such as motor deficits, diplopia and aphasia) typ-
ically fluctuate in presentation and severity as a result of the
ongoing formation and dissolution of thrombi in the cerebral
microcirculation. Other symptoms or signs (such as headache,
blurred vision, ataxia or mental status changes) are less typi-
cal. Gastrointestinal and cardiac systems are also frequent. Even
though only a minority of patients with TTP have serum crea-
tinine levels higher than 2.0 mg/dL, signs of renal involvement
such as microscopic haematuria and proteinuria are frequent.
High fever is not constant, despite the presence of this symptom
in the original described disease. There is no or little alteration
of coagulation and fibrinolysis, even though D-dimer levels may
be moderately raised. The main presenting clinical features and
signs in acute TTP are in Table 43.2.

ADAMTS13 testing
The possibility of measuring ADAMTS13 in plasma is based on
the availability of several laboratory assays of enzyme activity,
based on the degradation by patient plasmaADAMTS13 of puri-
fied, plasma-derived or recombinant VWFmultimers or of syn-
thetic VWF peptides followed by the direct or indirect detection
of VWF cleavage products. A number of variables may interfere
with assay results:
� All assays measure ADAMTS13 activity in static conditions
and fail to reflect the in vivo physiological blood flow conditions
necessary for optimal protease activity.
� Added denaturating agents (i.e. guanidine HCl or 1.5 mol/L
urea) are required to promote the susceptibility of VWF multi-
mers to cleavage by ADAMTS13 in the absence of shear.

Table 43.2 Presenting clinical symptoms and signs in acute TTP.

Thrombocytopenia Epistaxis, bruising, petechia,
haematuria, gastrointestinal
bleeding

Neurological symptoms –
often fluctuating and
variable

Confusion, headache, paresis,
aphasia, dysarthria, visual
problems, encephalopathy, coma

Fever (>37.5 ◦C) Not constantly present
Jaundice Resulting from microangiopathic

haemolytic anaemia
Renal impairment Proteinuria, microhaematuria
Cardiac Chest pain, heart failure,

hypotension
Gastro-intestinal tract Abdominal pain

� The use of shorter peptides as FRETS instead of full-length
VWF in enzyme immunoassays may fail to detect a few inher-
ited ADAMTS13 defects, since they measure metalloprotease
activity independently of the exosite interactions with other
VWF domains. Similar problems may occur when ADAMTS13
autoantibodies develop against these exosites.
� Activity assays are only available in specialized laboratories
and emergency testing is limited, even though the results of
assays using synthetic VWF peptides may be made available in
less than one day.
Immunoenzymatic assays employing different monoclonal

and polyclonal antibodies to measure plasma antigen levels of
ADAMTS13 are also available, but are of limited clinical value,
because they measure only the immunoreactive protein, not the
protease activity of ADAMTS13.
With regard to the laboratory detection of autoantibod-

ies, because most of them inhibit the enzymatic activity of
ADAMTS13, they can be titrated in vitro by classical mixing
studies, using serial dilutions of plasma mixtures from patients
and normal individuals. Direct antibody Western blotting or
ELISA assays are also available.

Clinical applications of ADAMTS13 testing
Whereas the original reports by Tsai, Furlan and their col-
leagues indicated that all patients with acquired TTP had severe
ADAMTS13 deficiency, subsequent studies have shown that
only a proportion of patients, ranging from 13 to 100%, who
develop TTP have severe ADAMTS13 deficiency. The current
prevailing opinion is that while undetectable or very low plasma
levels of enzymatic activity (<10%) unequivocally establish a
diagnosis of inherited or acquired TTP, not all patients appropri-
ately diagnosed with TTP on the basis of clinical and laboratory
signs and symptoms have severe protease deficiency in plasma.
The cases more frequently associated with normal or moder-
ately reduced ADAMTS13 levels (10–40% of normal) are those
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secondary to other diseases or conditions, such as allogeneic
bonemarrow transplantation,HIV infection, chemotherapy and
metastatic cancer. ADAMTS13 antigen assays have limited clin-
ical utility, even though they are sometimes helpful in recov-
ery studies following replacement therapy with ADAMTS13
(from plasma or clinical concentrates), because in this context
they tend to be more sensitive than activity assays. The mea-
surement of anti-ADAMTS13 helps to distinguish congenital
from acquired TTP and offers a guide to disease prognosis and
treatment with immunosuppressive agents (see below). Because
some degree of discrepancy may exist between functional assays
using full length VWF or short peptide substrates, the use of
an alternative assay might be considered when ADAMTS13
results and clinical observations do not agree. The same type of
ADAMTS13 assay should be used throughout therapeutic mon-
itoring. The type of method should always be indicated when
reporting clinical values of ADAMTS13.

Predictive value of ADAMTS13 assays
After remission from an acute episode of TTP, approximately
one-third or more patients develop chronic recurrent disease.
Carried out to predict the risk of relapse by using clinical and
laboratory markers obtained at the time of the acute episode
and/or during remission, prospective and retrospective stud-
ies have shown that patients who present with undetectable
ADAMTS13 activity and detectable anti-ADAMTS13 during
the acute episode and/or during first remission are more likely
to experience recurrences. Pertaining to the subclass of anti-
ADAMTS13 autoantibodies, the presence of IgG2 at diagno-
sis was associated with a higher risk of mortality, and cardiac
and renal involvement, although the risk of relapse is the same
regardless of the subclass. Other studies have suggested that
high IgA, IgG1 and IgG3 anti-ADAMTS13 titres may be asso-
ciated with more severe acute episodes and a higher risk of
mortality.
All in all, in order to diagnose TTP in the acute phase of the

disease, it is not essential to assay ADAMTS13 and to find very
low or undetectable plasma levels. After having excluded other
TMAs (see below), patients presenting with normal or moder-
ately reduced ADAMTS13 can still be appropriately diagnosed
as TTP. The decision to implement plasma therapy (infusion in
patients with inherited disease, exchange in acquired disease)
does not warrant the availability of ADAMTS13 values in real
time. However, ADAMTS13 testing (plasmatic ADAMTS13
activity and anti-ADAMTS13) should be considered important
adjuncts to the clinical diagnosis of TTP and are recommended
to guide disease prognosis and treatment outcome.

Differential diagnosis with HUS

Typical cases of STEC-HUS are usually easily distinguishable
from TTP owing to the occurrence of diarrheal prodromes
after the ingestion of contaminated food or water and to the

Table 43.3 Clinical conditions other than TTP and HUS
presenting as thrombotic microangiopathies.

� Disseminated intravascular coagulation
� Pre-eclampsia/HELLP syndrome
� Scleroderma/systemic lupus erythematosus
� Catastrophic antiphospholipid antibody syndrome
� Evans syndrome (autoimmune thrombocytopenia and
haemolytic anaemia)
� Heparin-induced thrombocytopenia
� Disseminated malignancy

presence of severe symptoms of renal impairment (see below).
It is sometimes more difficult to distinguish TTP from atypi-
cal HUS, except for the prevalence of neurological symptoms in
the former and more severe renal failure in the latter (see more
below). Other issues of differential diagnosis are concerned with
conditions that present themselves as TMAs, all being character-
ized by consumptive thrombocytopenia and microangiopathic
haemolytic anaemia (Table 43.3). Therefore, accurate evaluation
of the underlying conditions, symptoms and biomarkers is fun-
damental for the differential diagnosis and hence appropriate
therapy.
Because ADAMTS13 deficiency is not a constant finding in

patients with clinically diagnosed TTP, what is then the useful-
ness of ADAMTS13 testing in the differential diagnosis between
TTP and other TMAs or HUS? Complete deficiency of the
protease clearly directs the diagnosis towards TTP. However,
because the results of ADAMTS13 testing may take a long time
to be available, efforts were made to identify other pretreatment
laboratory data that help to predict which subjects are more
likely to have severely deficient ADAMTS13 activity. Pretreat-
ment platelet count lower than 30× 109/L, and serum creatinine
levels higher than 2.0 mg/mL help to predict severely deficient
ADAMTS13 activity (<10%), and thus to validate the initial clin-
ical management with plasma exchange (PEX). In the presence
of a higher platelet count and serum creatinine at presentation,
atypical HUS should be considered in patients presenting with
TMA characterized by measurable ADAMTS13 activity and a
poor response to PEX therapy (see further on).
Because a dysregulation of the complement system has been

associated with the development of atypical HUS, the use of
markers of complement activation might help in the differ-
ential diagnosis. However, low C3 and normal C4 serum lev-
els are not detected in all patients with atypical HUS, limiting
the usefulness of these simple and largely available tests in the
diagnosis. The search and identification of defects in the genes
encoding complement proteins (factor H, factor I, mutantmem-
brane cofactor protein MCP and other rarer proteins) is not
strictly necessary to diagnose atypical HUS, not only because
gene analysis is time-consuming, but also because nomutation is
identified in at least half of the cases with atypical HUS. The
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complement system may be abnormally activated also in some
TTP patients, presenting with mutations/polymorphisms in
complement genes and activated complement proteins. Further-
more, VWF has been shown to interact with complement factor
H, potentially linking ADAMTS13/TTP to complement /HUS.
All in all, it is presently difficult to use biomarkers of comple-
ment activation to accurately differentiate these two disorders.

Differential diagnosis with other thrombotic
microangiopathies

TMAs can also be observed in other contexts such as dissem-
inated intravascular coagulation (DIC), the HELLP syndrome
in pregnant women, the so-called catastrophic antiphospholipid
syndrome, pre-eclampsia and eclampsia, cancer patients and
transplantation.
DIC can be distinguished from TTP by markedly increased

D-dimer and, in decompensated cases, hypofibrinogenaemia
and prolonged prothrombin and activated partial thromboplas-
tin times. Differential diagnosis from TTP also involves other
pregnancy-related TMAs such as pre-eclampsia and eclamp-
sia, pregnancy being one of the most frequent clinical associ-
ations of TTP. In the latter, malignant hypertension is less fre-
quent, renal damage is not as severe, whereas the degree of
anaemia and thrombocytopenia is more severe. Tests of coag-
ulation and fibrinolysis are usually abnormal in pre-eclampsia
or eclampsia, albeit less markedly than in DIC. Abnormally
high serum transaminases differentiate TTP from the so-called
HELLP (Haemolysis, Elevated Liver enzymes and Low Platelets)
syndrome of pregnancy. Sometimes connective tissue disor-
ders such as systemic lupus erythematosus and scleroderma
present with widespread microvascular thrombosis, mechanical
haemolytic anaemia, consumptive thrombocytopenia and fluc-
tuating neurological symptoms. This situationmay also occur in
the so-called catastrophic antiphospholipid antibody syndrome.
These conditions may be distinguished from TTP because lab-
oratory tests such as antinuclear and anticardiolipin antibod-
ies and lupus-like anticoagulant give positive results. Another
element of differential diagnosis is the presence of venous and
arterial thromboses in large blood vessels, at variance with TTP
and HUS.
Evans syndrome, due to the concomitant presence of

antiplatelet and antierythrocyte antibodies, is distinguished by
a positive Coombs test, lack of schistocytes and the usual
absence of end-organ ischaemic symptoms. On the other hand,
ischaemic manifestations due to thrombus formation are fre-
quent features of heparin-induced thrombocytopenia, but TTP
can be distinguished not only by lack of exposure to this
drug, but also by the presence of haemolysis and schistocyto-
sis. Disseminatedmalignancy is sometimes associated with con-
sumptive thrombocytopenia and microangiopathic haemolytic
anaemia. Until further investigations exclude or confirm the

presence of metastatic cancer, it is not easy to distinguish TTP
from this TMA.
The role of ADAMTS13 has been investigated in these

TMAs and several other unrelated conditions and in physio-
logical states, such as neonatal state, pregnancy, localized and
metastatic cancer, liver cirrhosis, inflammatory states, postop-
erative period, uraemia, sepsis and autoimmune diseases: in the
majority of studies ADAMTS13 activity was found to be reduced
in patients compared with controls, but, at variance with TTP,
at measurable plasma levels. Possible explanations for low but
measurable ADAMTS13 are the following: (i) because VWF lev-
els are increased in these patients, ADAMTS13 activity may
be reduced due to consumption, (ii) because lower-molecular-
weight forms of ADAMTS13 were identified in the plasma of
patients with sepsis-induced DIC, ADAMTS13 may be inacti-
vated by proteases such as granulocyte elastase, thrombin and
plasmin, (iii) protein synthesis in the liver may be impaired in
these patients, particularly in those with sepsis-induced DIC or
HELLP, (iv) inflammatory cytokines (such as IL-6) may affect
VWF proteolysis by ADAMTS13.

Natural history

In approximately two-thirds of the cases, TTP occurs only once
(acute sporadic TTP). However, inmore than one-third of them,
the disease tends to recur at varying time intervals after remis-
sion from the acute episode, more often during the first year.
Recurrence, defined as the re-emergence of clinical and labora-
tory signs and symptoms of TTP after remission of the initial
acute episode, has a spectrum of presentations ranging from a
single relapse to several episodes. Recurrences usually present
with less severe clinicalmanifestations, perhaps because patients
become alert to the first signs and symptoms of their disease. The
chronic recurrent forms may have a genetic basis or be associ-
ated with the persistence of autoantibodies, whereas the forms
associated with malignancy or transplantation usually present
only as acute episodes with a low propensity to recur (in part
because of their high mortality rate).

Treatment

Themodernmanagement of TTP started with the serendipitous
observation that plasma infusion improved the clinical course of
TTP. Plasma exchange (PEX) subsequently appeared to be more
effective than plasma infusion. In 1991, the results of a prospec-
tive randomized clinical trial definitively established the greater
efficacy of PEX over infusion, the clinical response rate being
78% in the former compared with 49% in the latter (mortality
rates, 22% and 37%, respectively). Only recently, after the dis-
covery of the role of VWF and its protease in the pathogenesis of
TTP, these empirical treatments have found a rationale. Plasma
exchange acts mainly by removing anti-ADAMTS13 autoanti-
bodies, the most frequent mechanism of TTP. Plasma exchange
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Table 43.4 Steps in the management of TTP.

� Clinical diagnosis (based on consumptive thrombocytopenia,
mechanical haemolytic anaemia, presence of schistocytes in the
blood film, high serum LDH)
� Plasma infusion (30 mL/kg) until plasma exchange can be
started
� Daily plasma exchanges (3–6 L/day) until platelets are higher
than 150 × 109/L for at least 2 days and LDH is normal
� Adjuvant treatments: prednisone 1–2 mg/kg per day
� Red cell transfusion as needed
� Platelets transfusion contraindicated

also helps to replace the deficient protease, infusion alone being
probably sufficient in congenitally ADAMTS13-deficient cases
with no associated autoantibody.
A scheme summarizing the steps to be followed in the treat-

ment of acute TTP is in Table 43.4. Treatment with plasma
should be initiated as soon as the clinical diagnosis of TTP is
suspected. Unfortunately, critically ill TTP patients are often
first admitted to hospitals without facilities for PEX; in these
circumstances, daily infusion of large amounts of fresh-frozen
plasma (FFP) (30 mL/kg) should be started promptly, taking at
the same time measures meant to avoid volume overload (see
Table 43.4). Patients are best assisted in intensive care units,
where renal failure, coma, seizures and such severe side-effects
of PEX as congestive heart failure and catheter-related bleed-
ing, thrombosis and infections can be optimally managed. At
least 1.5 plasma volume should be exchanged daily until platelets
rise to 150 × 109/L or more, LDH is normal and schistocytes
are no longer present on blood films. Daily treatment with PEX
must be continued for at least 2 days after full remission has
been obtained (see Table 43.4). Tapering PEX (over 1–2 weeks)
seems to reduce the risk of early relapse. Even though a clini-
cal response is usually achieved after 5–10 days of PEX, daily
PEX for up to 1 month is sometimes necessary. Cryoprecipitate-
depleted plasma can be used instead of FFP if this fraction is
available and convenient, but there is no evidence that thisVWF-
poor plasma is more effective than intact plasma. Plasma treated
with virus-inactivation methods (e.g. solvent/detergent) should
be preferred if possible because it decreases the risk of infections
associated with patient exposure to plasma from a large number
of donors.
In congenital TTP, replacement therapy may consist not only

of plasma infusion, but also of virally inactivated, intermediate-
purity plasma factor VIII-VWF concentrates containing rela-
tively large amounts of ADAMTS13, such as 8Y (BPL; BioProd-
ucts Laboratory, Elstree, Herts) and KoateVR-DVI (Kedrion
Biopharma, USA), which have a small infusion volume and can
be given in the outpatient or home setting. 15–30 U/kg of 8Y has
been used with success, although there is no standardized con-
tent of ADAMTS13 in these concentrates. Despite the fact that

Table 43.5 Suggested immunomodulation in refractory
antibody-mediated TTP.

� Prednisone: 1–2 mg/kg/die for at least 15 days, then tapering
over 30 days
� Vincristine: 2 mg on day 1, then 1 mg on days 3, 6 and 9
� Azathioprine (1 mg/kg/daily, generally 100–150 mg/day)
� Cyclophosphamide (600 mg/mq/pulses)
� Ciclosporin (2–3 mg/kg/daily, divided doses)
� Immunoadsorption on staphylococcal protein A
� Splenectomy
� Anti-CD20 (rituximab): 375 mg/mq weekly for 4 weeks

ADAMTS13 has a half-life of only 2–3 days, the clinical effect of
plasma (15–20 mL/kg) or BPL 8Y are such that infusions every
2 weeks are sufficient to supply enoughADAMTS13 tomaintain
low but measurable plasma levels of the protease and thus avoid
platelet consumption. Since relapse is not a constant finding, it
is not firmly established which patients should undergo regu-
lar prophylaxis and which peak and trough ADAMTS13 levels
are necessary to attain remission of the acute episode and pre-
vent recurrence. There is as yet no definite evidence that patients
with congenital ADAMTS13 deficiency treated with plasma
or plasma products develop alloantibodies toward this pro-
tease, nor that an anamnestic response occurs in patients with
autoantibodies.
In association to PEX, the most frequent immune pathogen-

esis of acquired TTP may be tackled by adjuvant immunomod-
ulating agents (Table 43.5). Steroids are usually the first choice
at the time of acute presentation (prednisone 1 mg/kg daily,
methylprednisolone 1000 mg daily). The same treatment may
be considered in the chronic recurrent form of TTP due to the
persistence of autoantibodies. In some cases, usually in patients
with a suboptimal response or clinical deterioration in spite of
5–6 days of PEX or with a chronic relapsing disease, second-line
immunosuppression may be considered using such drugs as rit-
uximab, ciclosporin, cyclophosphamide or azathioprine. Nowa-
days, the first choice is rituximab, an anti-CD20 antibody, which
is efficacious in patients with primary refractory or relapsing
TTP by blocking the production of anti-ADAMTS13 antibodies
through the depletion of B lymphocytes. Generally adminis-
tered once weekly at 375 mg/m2 for four consecutive weeks,
immediately after the apheresis procedure, approximately 95%
of patients have a complete clinical and laboratory response,
including a normal ADAMTS13 level and disappearance of
anti-ADAMTS13 antibodies. Mild reactions can be controlled
by premedication with steroids, antihistamines and analgesics,
more serious complications being relatively uncommon.
Relapses occur in approximately 10% of patients after intervals
ranging from as little as 9 months to 4 years. Some clinicians
suggest that rituximab should be even considered up front
in conjunction with standard PEX therapy at the time of the
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acute presentation of TTP, but this approach is not univer-
sally accepted. Despite the fact that ciclosporin can induce
endothelial damage and cause a TTP-like picture, recent studies
indicate a beneficial effect of this drug in relapsing or resistant
TTP, by inducing durable remissions with normal recovery
of ADAMTS13 activity and disappearance of ADAMTS13
inhibitors. Many other immunosuppressive agents have been
used in the past (vincristine, cyclophosphamide), but they are
usually considered third-line options, due to the risk of severe
side effects and less established efficacy. Splenectomy is an
alternative option in patients with chronic recurrent forms
during remission, but carries a high risk of death in severely
ill patients with acute TTP. The clinical efficacy of antiplatelet
agents in TTP is unproven, and platelet transfusion is generally
contraindicated.
A number of new therapeutic agents are being developed

for the management of acute TTP: (i) an anti-VWF nanobody,
caplacizumab, which inhibits the interaction between ultra-
large VWF and platelet GpIb-IX-V, has achieved clinical proof-
of-concept in a Phase II study, (ii) because of the emerg-
ing role for the complement cascade in TTP pathogenesis,
eculizumab (see below) and other complement system modu-
lators are under evaluation, (iii) a recombinant preparation of
ADAMTS13 has been shown to improve the defective proteol-
ysis of VWF in vitro, but this product is not yet available for
clinical use.
Out of the acute phase, some patients with acquired TTPmay

require immunomodulation to prevent relapse. In the remission
phase this approach is usually indicated in those with recur-
rence, but also in the presence of risk factors for recurrence
(pregnancy, elective surgery, associated active autoimmune dis-
orders, etc.) associated with persistent and severe ADAMTS13
deficiency and anti-ADAMTS13 antibodies. In these cases, the
first choice is usually rituximab.

Haemolytic uraemic syndrome

The more typical and frequent form of Shiga-toxin mediated
HUS (STEC-HUS) is acquired and occurs acutely and spo-
radically after gastrointestinal infections with toxin-producing
bacteria, particularly in infants and young children, but also
in adults. Atypical HUS can be familial, due to the inherited
deficiency or dysfunction of complement components and may
have a sporadic or chronic recurrent course. It occurs mainly in
infants or young children, but at least one-third of cases are in
adults, often in association with triggers such as delivery or drug
intake.

STEC-HUS

This acute syndrome almost always occurs as a single spo-
radic episode, heralded by bloody diarrhoea from 2 days to

2 weeks before the onset of symptoms. Besides consumptive
thrombocytopenia andmechanical haemolytic anaemia that are
in common with TTP, the most peculiar symptoms are severe
renal failure with oligoanuria. Serum creatinine and urea are
definitely much more abnormal than in TTP, while thrombocy-
topenia is usually less severe. Signs of compensated DIC, with
relatively high plasma levels of D-dimer, are another distinc-
tive feature. Neurological involvement is uncommon, but coma
and seizures may occur in association with uraemia and severe
hypertension.

Aetiology
The most common bacterial agent that causes the prodro-
mal gastrointestinal infection is Escherichia coli type 0157:H7
or O:104 or, less frequently, Shigella dysenteriae serotype I.
These and other more rarely involved infectious agents produce
exotoxins called verocytotoxin, shiga toxin or shiga-like tox-
ins (Figure 43.3). These toxins, after absorption from the gas-
trointestinal tract into the blood, bind to the glycosphingolipid
membrane receptor globotriaosylceramide,which is particularly
dense in the glomerular capillary endothelial cells. The toxin–
receptor complex is endocytosed and thereby causes cytolysis
and extensive endothelial swelling and desquamation, which in
turn engenders massive formation of microthrombi in the renal
microvasculature, mainly composed of fibrin, but also rich in
platelets.

Pathology and pathogenesis
The pathology of STEC-HUS is characterized by more exten-
sive endothelial injury, but less VWF andmore fibrin in thrombi
than in TTP. The behaviour of plasma VWF is also different,
because ultra-large multimers are detectable muchmore seldom
during the acute phase of the disease, perhaps becausemultimers
leaking in excess into plasma from damaged endothelial cells
bind avidly to GPIb on the platelet membrane and are thereby
removed from plasma, particularly those of larger size. There is
agreement that ADAMTS13 is normal or only mildly reduced in
the plasma of these patients (Table 43.6).

Natural history
In the great majority of cases, STEC-HUS is self-limiting, with
much less tendency than TTP to early or late relapses. The acute
episode is often accompanied by severe renal failure, so that tem-
porary haemodialysis is frequently required. Residual renal dys-
function is common after the acute episode and end-stage renal
disease requiringmaintenance dialysis or kidney transplantation
is needed in approximately one-quarter of patients.

Treatment
During the diarrhoeal prodrome, antimotility agents are con-
traindicated, because they favour the permanence of bacterial
toxins in the gastrointestinal lumen and their passage into blood.
The role of antibiotics is controversial, but in practice they are
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Figure 43.3 Pathophysiology of
STEC-HUS. Verocytotoxin, shiga toxin or
shiga-like toxins, after absorption from
the gastrointestinal tract into the blood,
bind to the glycosphingolipid membrane
receptor globotriaosylceramide on the
glomerular capillary endothelial cells. The
toxin–receptor complex is endocytosed
and causes cytolysis and endothelial
swelling and desquamation, which leads to
massive formation of microthrombi in the
renal microvasculature, mainly composed
of fibrin, but also rich in platelets. Gp Ib:
glycoprotein Ib; IL: interleukin; Stx: Shiga
toxin; TNF: tumour necrosis factor.

often used, with a strong indication at least for patients with evi-
dence or suspicion of sepsis or Shigella dysenteriae infection. In
cases of severe renal failure, early institution of dialysis is essen-
tial in order to reduce sequelae and death. PEX is usually not rec-
ommended in patients with STEC-HUS.A possible forthcoming
approach to prevention is vaccination against vero/shiga toxins
in children living in endemic areas.

Atypical HUS

The term atypical HUS (aHUS) is used for TMAs characterized
by severe renal failure associated with the dysregulation of the
alternative complement pathway. Given the key role of comple-
ment in aHUS, some now use the term aHUS to be synonymous
with complement HUS. In this disease there is an excessive
activation of C3 convertase, its partial consumption and pro-
duction of C3a and C3b, which are deposited on the endothelial
cell surface causing cell damage and destruction. C3a and C3b

Table 43.6 Clinical applications of ADAMTS13 testing in TTP
and aHUS.

ADAMTS13 Diagnostic
Stage deficiency (<10%) implications

Acute phase Yes TTP
No Typical and

aHUS/TTP cannot
be excluded

Remission Yes Risk of relapse

ADAMTS13 levels are usually normal or only mildly reduced in the
thrombotic microangiopathies listed in Table 43.2.

also activate other cells, such as platelets and leucocytes, causing
inflammation and thrombosis (Figure 43.4). aHUS is a primarily
prothrombotic condition that particularly affects the glomeru-
lar vessels. However, thrombosis can occur almost everywhere,
mainly in organs such as the brain, lung and gastrointestinal
tract. The attacks can be triggered by infections, pregnancy,
drugs or trauma. In the last 20 years, dysregulation of the com-
plement, mainly but not exclusively of genetic origin, has been
linked to the development of aHUS. Approximately half of the
patients have mutations in one of the complement regulatory
proteins (factor H, factor I, MCP or factor B) resulting in exces-
sive C3 activation with the consequences described above (Table
43.7). The type of genemutation impacts the prognosis, patients
with mutations in the factor H gene having the poorest progno-
sis in terms of short- and long-term renal function and relapse
risk, even after transplantation (see below). On the other hand,
patients with MCP mutations have a better prognosis. A few
cases of aHUS have also been described to develop in association
with acquired autoantibodies against factor H. Given that nearly
half of patients with aHUS have no identified complement
abnormalities, much remains to be learned pertaining to disease
mechanisms and causes other than complement defects may be
the culprit.

Laboratory diagnosis
Low serum C3 levels are a simple and widely available method
for diagnosing affected patients and detecting family members
at risk, but several patients diagnosed with aHUS fail to demon-
strate this alteration. While mutations in complement proteins
are important in the development of aHUS they are not suf-
ficient, because for the actual precipitation of the disease trig-
gering factors leading to increased complement activation are
needed, such as infections, surgery, pregnancy or immuno-
mediated diseases.
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Figure 43.4 Pathophysiology of aHUS. An excessive activation of
C3 convertase, its partial consumption and production of C3a and
C3b, that are deposited on the endothelial cell surface cause cell
damage and destruction. C3a and C3b also activate other cells,
such as platelets and leucocytes, causing inflammation and

thrombosis. CFHR, complement factor H-related; MAC,
membrane attack complex; MCP, membrane cofactor protein,
∗mutations are reported in genes encoding these complement
factors.

Table 43.7 Main complement factors and regulators and their function.

Complement factor
or antibody Function

Frequency of gene
mutations/antibodies

CFH � Plasma molecule that recognizes C3 and mediates cofactor activity for CFI
� Directly accelerates the decay of C3-convertase

20–30

CFI � Plasma serine protease
� Cleaves C3b into inactive C3b

4–10

C3 � Its activation is required for both classical and alternative complement
activation pathways
� Its proteolytic cleavage produces C3a and C3b; C3a is an anaphylotoxin and
the precursor of some cytokines and C3b serves as an opsonizing agent

5–10

Thrombomodulin � Transmembrane protein
� Involved in the generation of TaFI, which cleaves C3 and C5a

5

CFB � Plasma serine protease
� Its proteolytic cleavage produces the noncatalytic chain Ba and the catalytic
subunit Bb
� The active subunit Bb associates with C3b to form the alternative pathway
C3 convertase
� Bb is involved in the proliferation of preactivated B lymphocytes, while Ba
inhibits their proliferation

1–2

MCP � Integral transmembrane protein that binds C3b and serves as a cofactor for CFI 10–15

CFH antibodies 3–6

CFH, complement factor H; CFI, complement factor I; CFB, complement factor B; MCP, membrane cofactor protein.
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Figure 43.5 Management of patients with a
suspected TMA. (Source: Cataland S and Wu,
2014. Adapted with permission of the
American Medical Society.)

Natural history
aHUS is a disease with a poor prognosis, because until recently
at least one-third of patients died or progressed to end-stage
renal insufficiency despite the use of PEX. aHUS is often a per-
manently ongoing systemic disease, because after recovery from
the acute illness patients may suffer from other acute episodes
if exposed to clinical triggers (infection, surgery, pregnancy)
owing to their persistent inability to regulate complement activ-
ity. Very recent advances in treatment let us hope that this
gloomy situation will substantially improve in the next few years
(see below)

Treatment
Until recently treatment of aHUS was based on plasma therapy
(PEX or infusion). The rationale of this therapeutic approach
was the replacement of deficient or dysfunctional complement
proteins, but also the removal of activated complement factors
and anti-factor H autoantibodies when present. Often plasma
therapy has to be combined with haemodialysis to control
oligoanuria and uraemia.
PEX therapy should be started as soon as possible in patients

presenting with a suspected diagnosis of aHUS (Figure 43.5).
The response to PEX is typically re-assessed at days 2–3, with
the goal to establish whether or not there is haematologic
improvement, and improvement or stabilization of end-organ
damage. In patients responding to PEX, this therapy is contin-
ued daily until normalization of those surrogate markers for
ongoing microthrombotic disease such as the platelet count,
haemoglobin and LDH, and then stopped without prolonged
tapering. Markers of kidney damage (serum creatinine) and
neurologic findings and symptoms, when present, are of
great importance. A poor response to PEX can be defined as
lack of haematologic response, but also by worsening kidney
insufficiency, despite daily PEX therapy. In these cases PEX
should be discontinued and therapy with eculizumab should be
considered.

Eculizumab, a humanized monoclonal antibody recently
approved for the treatment of aHUS, binds to complement pro-
tein C5, blocks the formation of the membrane attack complex
and is an effective life- and kidney-sparing therapy for many
patients with aHUS. This product has been prospectively eval-
uated for efficacy and safety in many aHUS patients with a
broad spectrum of disease features (patients recently diagnosed,
patients with long disease duration and patients who had already
undergone transplant or on continuous dialysis). Therapy did
often result not only in haematologic improvement, but also, and
most importantly, in themarked improvement of renal function,
even in cases with advanced disease. Despite some data suggest-
ing that the more rapid initiation of therapy with eculizumab is
associated with greater improvements in renal function, its initi-
ation prior to a window of 2–3 days of PEX is not advised due to
the difficulty of differentiating with certainty aHUS fromTTP at
the time of presentation. In cases where the diagnosis of aHUS
is known at the time of acute presentation (such as, for instance,
for recurrences), first-line therapy with eculizumab should be
considered instead of PEX.
Even though eculizumab is usually well tolerated, all

patients should receive a meningococcal vaccine because of the
increased risk for this infection in treated patients. Intravenous
eculizumab is initiated at a dose of 900 mg weekly for the first
4 consecutive weeks, and then beginning on week 5 mainte-
nance therapy is administered every other week at a dose of 1200
mg. These are the presently recommended dosing schedules, but
perhaps in the future dosages of this extremely expensive ther-
apy may be reduced. Eculizumab is often associated with dra-
matic clinical responses in patients refractory to PEX and, most
importantly, such a high degree of recovery of renal function
that at least 80% of patients could discontinue dialysis. These
findings are in contrast with the previous findings that at least
one-third of patients did die or progress to end-stage renal dis-
ease, despite PEX. It is of extreme importance to avoid perma-
nent dialysis and renal transplantation, because the results of the
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latter are sometime poor and appear to correlate with the cause
of complement dysregulation. This disease has not recurred in
the transplanted kidneys of patients with MCP gene mutations,
presumably because the newkidney produces protective levels of
endogenous MCP. In contrast, kidney transplantation alone did
not correct the deficiency of plasma factors made in the liver, so
that the outcome was poor in patients with factor H or factor I
mutations owing to disease recurrence. However, a formidable
approach such as combined liver and kidney transplantation
may lead to a favourable long-term outcome for recurrent HUS
associated with factor H gene mutations.

Concluding remarks

In the last few years, TTP andHUS, known for several decades to
clinicians and pathologists for their dire consequences, have wit-
nessed spectacular improvements in our knowledge and devel-
opment of new diagnostic criteria. Most importantly, improved
therapeutic options have led to a marked decrease in mortality
andmorbidity, particularly for atypical HUS following the avail-
ability of eculizumab. In TTP, the pivotal role of VWF and of
itsmajor proteolytic enzymeADAMTS13 in inducingmicrovas-
cular platelet thrombi is evident, even though not all the vari-
ants of TTP completely fit this diseasemechanism. The develop-
ment of laboratory methods to measure ADAMTS13 in plasma
has demonstrated that the majority of TTP cases have very low
or unmeasurable levels of this protease. On the other hand,
severe ADAMTS13 deficiency is not found in all patients who
meet the clinical criteria for a diagnosis of TTP (Table 43.6),
questioning the appropriateness of the currently available func-
tional assays performed in non-physiological static conditions.
Trigger(s) are usually needed for the occurrence of full-blown
TTP, because patients with congenital and acquired low levels
of ADAMTS13 may not manifest clinical disease for long peri-
ods of time. The clinician confronted with the treatment of these
seriously ill patients should be cognizant that plasma therapy,
mainly plasma exchange, remains the treatment of choice for
patients with clinically diagnosed TTP. An important, not com-
pletely resolved therapeutic problem is the secondary prevention
of the chronic recurrent forms. Various immunomodulatory
treatments have been tried with promising results, particularly
rituximab.

STEC-HUS is now well characterized from an aetiological
standpoint, so that it can be specifically recognized and properly
treated. The dire consequences of atypical HUS are dramatically
improved by the current availability of a complement inhibition
therapy with the humanized monoclonal antibody eculizumab,
that is able not only to induce a dramatic therapeutic response
in many patients unresponsive to plasma therapy, but also the
recovery of renal function, in contrast with the poor progno-
sis for many patients treated only with plasma-based therapy.
Despite much progress, there are numerous problems left to
solve and, given the rarity of TTP and HUS, clinical research
must be necessarily multicenter and multidisciplinary.
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CHAPTER 44

44Heritable thrombophilia
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Introduction

In most instances heritable thrombophilia is a late-onset
genetic disease with low penetrance. There is no internationally
accepted definition of thrombophilia. The term is sometimes
used to describe disorders of haemostasis detected in the labora-
tory that appear to predispose to venous thrombosis. A clinical
definition of heritable thrombophilia describes an inherited
tendency for venous thrombosis, i.e. deep vein thrombosis
(DVT) with or without associated pulmonary embolus (PE).
The incidence of a first episode of venous thrombosis is 1.5 per
1000 person-years, with a per-person lifetime incidence of 5%.
Venous thrombosis is a multicausal disease in which genetic
and acquired risk factors interact synergistically. Understanding
the genetic risk factors and gene–environment interactions is
necessary to understand why an individual develops thrombosis
at a specific point in time. Interaction occurs when risk factors
combine to produce an effect that exceeds the sum of their
separate effects. Familial thrombophilia is likely a multiple
gene disorder and family members may have one, or more,
identifiable defect(s), probably in combination with additional
unknown defects. It is likely that this largely explains why a
dichotomous testing strategy with a limited number of factors
(e.g. presence or absence of factor (F) V Leiden) has limited
predictive value, resulting in little if any clinical utility for most
patients (clinical utility refers to the ability of a screening or
diagnostic test to improve clinical outcome).
Deficiency of the natural anticoagulant antithrombin was

the first reported inherited risk factor for venous thromboem-
bolism. Since then deficiencies of the naturally occurring anti-
coagulants protein C and protein S have been linked with

familial thrombosis. In recent years, several other potential
thrombophilic risk factors have been investigated but only the
F5G1691A (FVR506Q, FV Leiden) and the F2G20210A gene
mutations have been shown to be unequivocally associated
with an increased risk of thrombosis, i.e. odds ratio (OR) of 2
or greater from case–control studies. In the 1980s and 1990s
thrombophilia testing became common in unselected patients
and their relatives, despite the fact that there was no evidence
that testing had clinical utility. It is now apparent that testing
for heritable thrombophilia typically does not predict likelihood
of recurrence in the majority of unselected patients with symp-
tomatic venous thrombosis (Figure 44.1). Furthermore, test-
ing for inherited thrombophilia did not reduce recurrence of
venous thrombosis in a large cohort study. There is a low risk of
thrombosis in affected asymptomatic relatives of patients with
thrombophilic defects followed prospectively and the results of
thrombophilia tests are frequently misinterpreted. Given these
considerations the clinician must consider the potential clinical
utility of testing for heritable thrombophilic defects in each indi-
vidual patient or family affected by venous thrombosis.

Heritable thrombophilias associated with
venous thrombosis

The heritable thrombophilias shown to be associated with at
least a twofold increased risk of venous thrombosis are: (i)
deficiencies of the natural anticoagulants antithrombin, protein
C and protein S, due to mutations in the corresponding genes
SERPINC1, PROC and PROS, and (ii) two commonmutations
in genes encoding procoagulant factors, namely F5G1691A
(FVR506Q, FV) and F2G20210A (commonly referred to as the
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Figure 44.1 Cumulative recurrence of venous thrombosis in
consecutive patients with and without heritable thrombophilia
followed from the end of anticoagulation after a first episode of
venous thrombosis in the first (a) and second (b) Cambridge
cohort studies. The hazard ratio for recurrence in patients with
thrombophilia compared with those without was 1.3 (95% CI
0.8–2.0) and 1.0 (95% CI 0.5–2.1), respectively. In the second

cohort, patients with postoperative thrombosis were excluded,
which may account for the apparent slightly higher recurrence
rate. (For related publications on these cohorts, see Baglin et al.
2003 and Baglin T, Palmer CR, Luddington R, Baglin C (2008)
Unprovoked recurrent venous thrombosis: prediction by D-dimer
and clinical risk factors. Journal of Thrombosis and Haemostasis
6: 577–82.)

prothrombin gene mutation). The causal association between
these heritable thrombophilias and venous thrombosis has
been confirmed by comparing the prevalence of defects in
patients with venous thrombosis and controls. In such studies,
measurement errors between cases and controls do not arise in
relation to genotype and so the case–control study is themethod
of choice for measuring simple associations between genotype
and disease. The prevalence of the heritable thrombophilias in
cases and controls is shown in Table 44.1. The increased risk
of venous thrombosis is often expressed as the relative risk
(RR) (the probability of the disease in those with the risk factor
divided by the probability of the disease in those without the risk
factor) or the odds ratio (OR) (the odds of the disease in those

with the risk factor divided by the odds of the disease in those
without the risk factor). The RR for each defect is indicated in
Table 44.1. Deficiencies of antithrombin, protein C and protein
S are rare and so the estimates of risks are uncertain, but appear
to be of the order of about a 10-fold increased risk of venous
thrombosis. The FVR506Q and F2G20210A occur much more
frequently and so the estimates of risk are more certain.
Gene–environment interaction is present when the effect of

genotype on disease risk depends on the level of exposure to
an environmental factor. Heritable thrombophilia is subject to
a strong gene–environment interaction. For example, there is
a synergistic increase in risk of venous thrombosis due to an
interaction between the factor V Leidenmutation and oestrogen

Table 44.1 Prevalence of heritable thrombophilias shown to be associated with at least a twofold increased risk of venous thrombosis in
patients and controls and relative risk of a first episode of venous thrombosis.

General
population

Consecutive patients with a first
episode of venous thrombosis

Relative risk of
venous thrombosis

Antithrombin 0.03% 1% 10–20
Protein C deficiency 0.3% 3% 10
Protein S deficiency 0.3% 3% ?–10
FVR506Q (FV Leiden)∗ 4% 15% 4
F2G20210A∗ 2% 4% 2

∗The prevalence of FVR506Q and F2G20210A is determined by ethnic origin as these mutations are only prevalent in whites.
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exposure and obesity. Another example is observed in patients
with antithrombin deficiency where venous thrombosis fre-
quently occurs when an affected patient is exposed to an envi-
ronmental risk. This was evident in a study of families with
type 1 antithrombin deficiency, where the incidence of venous
thrombosis was 20 times greater in affected family members,
but was strongly dependent on acquired risks. In this study the
annual incidence of venous thrombosis in affected family mem-
bers in any year in which they were exposed to surgery, trauma,
plaster cast, hospitalization or immobilization was 20% (pro-
voked venous thrombosis), but in any year inwhich there was no
exposure the incidence was only 0.3% (i.e. unprovoked venous
thrombosis rate). In this study the unprovoked venous throm-
bosis rate is only slightly higher than the background incidence
in the general population.

Antithrombin deficiency

The gene for antithrombin (SERPINC1) is located on the long
arm of chromosome 1 and contains seven exons spanning
13.5 kb. Antithrombin (previously termed antithrombin III) is a
glycoprotein (464 amino acids, 58 kDa, plasma concentration 2–
3 μmol/L). Antithrombin is a serpin (serine protease inhibitor)
and its primary targets are thrombin, factor FXa and FIXa. Its
concentration in the circulation is higher than that of prothrom-
bin, and as only a fraction of prothrombin is converted to throm-
bin during coagulation, antithrombin is potentially present in
vast excess over the protease, although the site will determine
the local concentration of the enzyme and inhibitor. The plasma
half-life of antithrombin is about 90 hours.
The serpin mechanism was confirmed by successful resolu-

tion of a crystal structure of the final serpin–protease complex
by Jim Huntington in 2000. In contrast to the classical lock-
and-key mechanism of protease inhibition, serpins form a sta-
ble covalent complex in which there is a dramatic conforma-
tional change in both the inhibitor and the inhibited protein
that alters the properties of each, resulting in rapid clearance
from the circulation. Antithrombin consists of three β-sheets
and nine α-helices organized into an upper β-barrel domain and
a lower helical domain. These two domains are bridged by the
main structural feature of a serpin, the central A sheet (shown
in red in Figure 44.2). The flexible reactive centre loop (RCL,
shown in yellow) contains the scissile bond formed by the P1
arginine and P1′ serine. Amino acids in the RCL are desig-
nated P1, P2 and so forth, moving towards the N-terminus of
the peptide sequence and P1′, P2′ and so forth moving towards
the C-terminus of the sequence. The length and flexibility of
the loop renders it highly susceptible to proteolysis. Cleavage
of the RCL by thrombin, FXa or FIXa produces a conforma-
tional change during which the RCL inserts as the central strand
of the expanded central A sheet (Figure 44.2c). This results in
translocation of the protease to the opposite pole of the ser-
pin. The incorporation of the RCL as the central strand pro-

duces a hyperstable molecule such that the protease is crushed
by intermolecular clashes with the hyperstable serpin. Distor-
tion of the active site architecture disrupts the catalytic triad and
results in disorganization of almost 40% of the protease archi-
tecture. The poor inhibitory activity of the circulating native
form of antithrombin is conferred by intramolecular contacts
that restrain the RCL and orientate the P1 arginine away from
attacking proteases (Figure 44.2a). Activation causing release of
the RCL is dependent on binding of glycosaminoglycans to the
‘heparin-binding site’ located in the region of the D-helix (cyan
in Figure 44.2). An initial low-affinity interaction induces high-
affinity binding (referred to as the induced fit mechanism) and
this produces a conformational change in the antithrombin that
releases the RCL for protease attack (Figure 44.2b). Activation
increases the rate of protease inactivation 1000-fold. Successful
inhibition of the protease depends on a race between complete
proteolysis of the RCL with release of the regenerated protease
from the cleaved loop (the substrate pathway) and incorporation
of the cleaved loop into the central A-sheetwith resultant capture
and crushing of the tethered protease (the inhibitory pathway).
The rate of inhibition relative to the substrate reaction is defined
as the stoichiometry of inhibition, where a value of 1 represents
a perfect inhibitor and a value of 2 would indicate that half the
reactions led to cleaved antithrombin and a re-generated pro-
tease. Some mutations in the SERPINC1 gene produce a dys-
functional antithrombin molecule in which the insertion of the
RCL into the central A-sheet is retarded, turning the molecule
into a substrate rather than an inhibitor. This is an example of
how this highly regulated mechanism of thrombin or FXa inhi-
bition renders antithrombin susceptible to dysfunction through
genetic mutation.
Two laboratory phenotypes of heritable antithrombin defi-

ciency are recognized. Type 1 is characterized by a quantitative
reduction of antithrombin, with a parallel reduction in func-
tion (measured as inhibitory activity) and level of protein in the
plasma (measured immunologically as the antigenic level). Type
2 deficiency is due to the production of a qualitatively abnor-
mal antithrombin protein with dysfunction due to disturbance
of the complex mechanism of protease inhibition by a mutation
in SERPINC1 gene. The functional activity is discrepantly low
compared with the antigenic level. Type 2 deficiency is subclas-
sified according to the nature of the functional deficit:
� Type 2 reactive site (RS): mutations alter the sequence of the
RCL, reducing the ability to inhibit thrombin or FXa in the pres-
ence or absence of heparin in a laboratory assay.
� Type 2 heparin-binding site (HBS): mutations affect the abil-
ity of antithrombin to bind and be activated by glycosamino-
glycans and therefore result in reduced ability to inhibit throm-
bin or FXa only in the presence of heparin in a laboratory assay.
Thesemutations are typically located in the designated ‘heparin-
binding site’ in the region of the D helix of the molecule.
� Type 2 pleiotropic (PE): a single mutation produces multiple
effects on the structure–function relationship of the molecule,
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(a) (b)

Figure 44.2 Model of thrombin destruction by antithrombin.
Native antithrombin (a) circulates predominantly in an inert
configuration with the reactive centre loop (RCL, shown in yellow)
restrained on the C-sheet with the P1 arginine buried in a
hydrophobic pocket and inaccessible to proteolytic attack. Binding
of a glyscosaminoglycan such as heparin sulfate to helix D (shown
in cyan) induces a conformational change in the molecule that
results in closure of the central A-sheet (shown in red), release of
the RCL and exposure of the P1 arginine for proteolytic attack by
protease (shown in green) resulting in the formation of an
encounter complex (b). A heparin chain is shown bridging
antithrombin and thrombin. The heparin chain binds to the
D-helix of antithrombin, inducing the conformational change and

stabilizing the resultant encounter complex by binding to exosite II
on thrombin. Cleavage of the RCL results in opening of the central
A-sheet and incorporation of the cleaved loop as the central strand
(c). This movement throws the protease to the opposite pole of the
molecule where it is crushed by intermolecular clashes with
antithrombin, which is now in a hyperstable conformation.
Inhibition of the protease depends on incorporation of the cleaved
loop into the central A-sheet with resultant capture and crushing of
the tethered protease with distortion of the catalytic triad before
completion of proteolysis of the RCL, which would release the
protease. (Source: Dr Jim Huntington, Department of
Haematology, University of Cambridge. Reproduced with
permission.)
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(c)

Figure 44.2 (Continued)

often associated with low plasma levels due to either effects on
secretion or instability.
Approximately 100 point mutations (missense, nonsense or

insertions or deletions causing frameshifts) and several whole
or partial gene deletions have been identified as causes of type 1
deficiency. Numerous pointmutations causing qualitative type 2
deficiency have been identified. Homozygous type 1 deficiency
and probably homozygous type 2 RSmutations are incompatible
with life. Homozygous type 2 HBS and PE mutations are asso-
ciated with a lower risk of thrombosis and are compatible with
life.

Protein C deficiency

The gene for protein C (PROC) is located on chromosome 2
and contains nine exons spanning 11 kb. Protein C is a vitamin-

XI XIa

IX IXa
VIIIa

X Xa
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Fibrinogen Fibrin

Prothrombin Thrombin

VIIa VII
TF

Antithrombin
APC

Figure 44.3 The thrombin explosion occurs in two phases:
initiation and propagation. In the initiation phase, tissue factor
(TF)–FVIIa generates small amounts of thrombin that enhances
platelet activation (in conjunction with exposed subendothelial
collagen at the site of vascular injury) and cleaves FV and FVIII to
their active forms. The activation of FVa and FVIIIa amplifies
thrombin generation and increasing concentrations of thrombin
then lead to back-activation of FXI and the propagation phase. The
activated forms of FV and FVIII are non-enzymatic cofactors that
assemble and orientate the enzymes (FIXa and FXa) on the
negatively charged surface of activated platelets. Antithrombin can
neutralize the enzymatic coagulant factors FIXa, FXa and FIIa
(thrombin). Thrombin bound to thrombomodulin cleaves protein
C to its active form (APC), which proteolysis FVa and FVIIIa and
dismantles the tenase (FVIIIa–FIXa) and prothrombinase
(FVa–FIIa) complexes on phospholipid surfaces, which attenuates
thrombin generation. Protein S is a cofactor for the APC-mediated
inactivation of FVa and FVIIIa.

K-dependent glycoprotein synthesized in the liver (419 amino
acids, 62 kDa, plasma concentration 65 nmol/L). Its concentra-
tion in plasma is about 100 times less than that of antithrombin.
The plasma half-life of protein C is about 6 hours.
Protein C is the zymogen precursor of activated protein C

(APC). Protein C is activated by thrombin bound to thrombo-
modulin on the endothelial surface. This is facilitated by the
endothelial protein C receptor (EPCR). APC acts as a physio-
logical anticoagulant by cleaving the cofactors FVa and FVIIIa
and so thrombin generation (which is dependent on FVa and
FVIIIa cofactor activity) is attenuated (Figure 44.3). Protein S is
a cofactor for APC-mediated inactivation of FVa and FVIIIa.
Protein C deficiency is classified into type 1 and 2 defects on

the basis of functional and antigenic assays. The relative risk of
thrombosis in relation to type 1 and the various type 2 defects
has not been characterized. Most heritable protein C deficiency
is due to type 1 deficiency. Themajority of type 1 defects are due
to point mutations. Multiple type 2 defects have been reported
involving the catalytic active site, the phospholipid-binding Gla
domain, the propeptide cleavage activation site and sites of inter-
action with substrates or cofactors.
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Protein S deficiency

The gene for protein S (PROS) is located on chromosome 3 and
contains 15 exons spanning 80 kb. A pseudogene with approx-
imately 95% homology is located adjacent to PROS and this
can cause difficulty with identification of mutations within the
PROS gene.
Protein S is a vitamin-K-dependent glycoprotein produced in

the liver, endothelial cells andmegakaryocytes (676 amino acids,
69 kDa, plasma concentration of free protein 145 nmol/L). Pro-
tein S is a non-enzymatic cofactor for APC-mediated inactiva-
tion of FVa and FVIIIa. Approximately 60% circulates bound
to C4b-binding protein and is inactive. The remaining 40%,
designated free protein S, is uncomplexed and is the active
form. Free protein S increases the affinity of APC for nega-
tively charged phospholipid surfaces on platelets or the endothe-
lium and increases complex formation of APCwith the activated
forms of FV (FVa) and FVIII (FVIIIa). The binding of protein S
byC4b-binding protein is very strong and free protein S is essen-
tially the molar excess of protein S over C4b-binding protein. In
addition to APC cofactor activity, protein S has an independent
anticoagulant effect by acting as a cofactor for TFPI (tissue factor
pathway inhibitor).
Protein S defects have been divided into three types. In type

I deficiency, both total and free protein S antigen levels are low
(and functional activity is low ifmeasured). A type III deficiency
characterized by a normal level of total protein S, but a reduced
level of the free protein S has been described. This may be a
phenotypic variation resulting from the same genetic mutations
associated with type I deficiency (not recognized with the less
sensitive assay for total protein S), but many patients with an
apparent type III phenotype do not have heritable protein S defi-
ciency and this may be related to the increase in C4b levels with
age. Type II defects are characterized by reduced activity in the
presence of normal total and free levels of protein S. Type II defi-
ciency is difficult to diagnose because functional protein S assays
are imprecise.

FVR506Q (FV)

The gene for FV is located on chromosome 1, near the
SERPINC1 gene, and contains 25 exons spanning 80 kb. FV
(2196 amino acids, 330 kDa, plasma concentration of free pro-
tein 30 nmol/L) is the cofactor for activation of prothrombin by
FXa in the prothrombinase complex (Figure 44.3). The plasma
half-life is 15 hours. It has no cofactor activity until cleaved by
thrombin or FXa at Arg709, Arg1018 and Arg1545. In 1993,
Bjorn Dahlbach and colleagues in Malmo described the phe-
nomenon of resistance to APC in unrelated patients with venous
thrombosis. Patient plasma was resistant to the anticoagulant
effect of a fixed amount of added exogenous APC. The effect
was measured by dividing the activated partial thromboplastin
time (APTT) in the presence of added APC by the APTT in the

absence of addedAPC. APC resistance was defined as a ratio less
than 2.0. Further work confirmed that increased APC resistance
cosegregated with thrombosis in families with familial venous
thromboembolism. The following year it was reported by a team
from Leiden that the majority of patients with familial APC
resistance had the same pointmutation in the gene for FV, a gua-
nine to adenine transition at nucleotide 1691 in exon 10 of the
F5 gene. This is known as the FV Leiden mutation (FVR506Q).
Mutant FV Leiden has normal procoagulant activity, but substi-
tution of glutamine for arginine at position 506 results in slower
inactivation by APC. Prothrombinase activity is dependent on
FVa maintaining the integrity of the enzymatic complex on a
phospholipid surface. Thus thrombin generation is rate limited
by FVa, and inactivation of FVa by APC attenuates thrombin
generation. Inactivation of FVa occurs through cleavage of the
protein at positions Arg306, Arg506 and Arg679 by APC. Initial
cleavage at R506 is necessary for subsequent cleavage at R306
and R679. Mutation of these residues (F5G1691A, FVR506Q or
FV Leiden; F5G1091C, FVA306T or FV Cambridge) results in
resistance to inactivation by APC. APC resistance is observed in
the laboratory as an impaired plasma anticoagulant response to
APC added in vitro, usually with an APTT-based clotting test.
However, nowadays themutation is frequently detected by direct
DNA analysis rather than by a clotting assay (see section on lab-
oratory testing). The FVR506Qmutation is present in about 4%
of the white population and about 15% of unselected consecu-
tive patients with a first venous thrombosis. The prevalence is
highest in northern Europeans. The mutation is infrequent in
other populations. The high prevalence and founder effect sug-
gests positive selection and this may relate to a favourable effect
on embryo implantation and hence reproduction rather than a
lower risk of fatal haemorrhage in females during childbirth, as
originally thought.
APC also inactivates FVIIIa by cleavage at positions Arg336

and Arg562, but mutations affecting these sites in FVIII causing
an increased risk of venous thrombosis have not been reported.
APC resistance in the absence of FVR506Q occurs in about

5% of patients with a history of venous thrombosis. This is often
related to high FVIII levels or low FV levels, whichmay be found
in association with the F5HR2 haplotype. There is evidence that
APC resistance in the absence of FVR506Q is associated with
venous thrombosis, but defining the cause of resistance in indi-
vidual patients has no clinical utility. Acquired APC resistance
is explained by increased FVIII levels, pregnancy or oestrogen
exposure in some individuals.

F2G20210A

The gene for prothrombin is located on chromosome 2 and con-
tains 14 exons spanning 21 kb. Prothrombin is a vitamin-K-
dependent protein synthesized in the liver (579 amino acids,
72 kDa, plasma concentration 2 μmol/L). Prothrombin is the
zymogen precursor of thrombin.
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A single nucleotide change, guanine to adenine at position
20210 in the 3′ untranslated region of the prothrombin gene
(F2G20210A), is associated with elevated plasma prothrombin
levels and an increased risk of venous thrombosis. Thismutation
was identified by the Leiden team when investigating candidate
genes in the Leiden Thrombophilia Study cohort. The preva-
lence of the F2G20210A mutation is about 2% of whites, with
a higher prevalence in southern compared with northern Euro-
peans. The mutation increases the plasma level of prothrombin
by about 30%, but the mechanism has not been explained. No
specific clotting test for the presence of the mutation has been
described and diagnosis depends on detection of the genetic
mutation by DNA analysis.

Genome-wide association studies (GWAS)
and deep sequencing of candidate genes

Peter Reitsma and Frits Rosendaal fromLeiden have detailed the
history of unravelling the genetic architecture of venous throm-
bosis risk. Initially, extended pedigrees of families with venous
thrombosis were studied and plasma levels of natural anticoagu-
lants weremeasured.With the advent of DNA technology, genes
encoding the natural anticoagulant proteins were cloned and
sequenced and hundreds of private mutations were reported,
often with mutations found only in one family. Subsequently,
the common public mutations (F5G1691A and F2G20210A)
were found in case–control studies. Currently, common genetic
markers in every gene encoding a protein involved in haemosta-
sis are being studied in order to determine whether these mark-
ers are associated with thrombosis risk. Two types of genetic
mutation cause venous thrombosis: those that reduce function
(e.g. a mutation causing antithrombin deficiency) and those that
increase function (e.g. FVR506Q,which renders themutant pro-
tein resistant to inactivation, resulting in increased thrombin
generation). The private mutations in SERPINC1, PROC and
PROS and public mutations in F5 and F2 account for about 50%
of the thrombosis risk attributable to genetic mutation. There
are two approaches to identifying the remaining 50% of genetic
mutations. A linkage study requires extended pedigree analysis
and is limited by heterogeneity in the genetic cause of throm-
bosis in different families. This dilutes the apparent effect of a
genetic mutation when data from different pedigrees are com-
bined. The alternative approach is to use geneticmarkers of com-
mon risk alleles in association studies of unrelated individuals
using genome-wide genotyping of a large set of single-nucleotide
polymorphisms (SNPs). This approach relies on the principle
that common diseases are explained by common risk alleles. The
weakness of this approach is that there is little evidence that this
principle is true. With this approach there is also a high risk of
misidentifying a risk allele (type I error) due to multiple testing
and in order to offset this it is necessary to raise the significance
level of testing, which then leads to decreased sensitivity (type II
error). Reitsma andRosendaal suggest that a deep re-sequencing

project may identify genetic factors and allow powerful genetic
risk profiling. This hypothesis is supported by an initial proof
of principle study showing that common SNPs, which in isola-
tion confer a very small risk of venous thrombosis (hazard ratio
<1.5), interact synergistically to significantly increase the risk of
venous thrombosis (hazard ratio >5.0 for four SNPs).

Other natural anticoagulants

Tissue factor pathway inhibitor (TFPI) is an inhibitor of FXa
and tissue factor-bound FVIIa. TFPI knockout is embryoni-
cally lethal in mice. TFPI is predominantly extravascular and
so measurement in plasma samples is not representative of
total TFPI availability. In a few studies plasma TFPI lev-
els were slightly lower in patients with venous thrombosis
than in normal individuals and the low levels may be a mild
risk factor for venous thrombosis. Protein Z is a vitamin-K-
dependent protein that circulates in complex with PZI (protein-
Z-dependent protease inhibitor) and catalyses the inhibition of
FXa. A causal relationship between PZI and/or PZ deficiency
and venous thrombosis has not been demonstrated. Heparin
cofactor II, a serpin with a similar structure–function relation-
ship to antithrombin, inhibits thrombin when activated by gly-
cosaminoglycans.Heparin cofactor II knockoutmice are healthy
and do not develop spontaneous thrombosis, but do have a
shorter time to thrombosis in an arterial injury model. A rela-
tionship between heparin cofactor II deficiency and thrombo-
sis in humans is uncertain. A relationship between thrombosis
andmutations affecting thrombomodulin or EPCR has not been
established.

Other procoagulant factors

Increased FVIII levels are associated with an increased risk of
both venous and arterial thrombosis, but a heritable basis for
this, other than through ABO blood group effects on vonWille-
brand factor levels, has not been established. Elevated FIX and
FXI levels are also associated with venous thrombosis risk, but
a heritable basis for high levels associated with venous throm-
bosis is not established. There is equivocal evidence for a causal
relationship between fibrinogen levels and venous thrombosis.
Approximately 300 examples of heritable dysfibrinogenaemia
have been reported. The majority are asymptomatic or associ-
ated with increased bleeding and very few examples are consid-
ered to be genuinely associated with an increased tendency to
thrombosis, which may be arterial or venous or a combination.
Dysfibrinogenaemia has been found in less than 1% of patients
with a history of venous thromboembolism. It is associated
with postpartum thrombosis and an increased risk of pregnancy
loss. The identification and characterization of rare dysfibrino-
genaemias associated with thrombosis is beyond the capabil-
ity of most coagulation laboratories. Polymorphisms in the pro-
thrombin gene have been described that may further increase
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the risk of venous thrombosis associated with the F2G20210A
mutation, but the effect is mild. It was previously thought that
deficiency of FXII was a risk factor for venous thromboem-
bolism, but subsequent investigation strongly indicates that this
is unlikely. A polymorphism in the FXIII gene (FXIIIV341L) is
significantly less common in patients with coronary heart dis-
ease than in control subjects, and a protective effect for venous
thromboembolism has been reported.

Fibrinolysis

A causal relationship between levels of individual specific pro-
teins involved in regulating fibrinolysis has not been established.
However, a global measure of fibrinolytic potential as measured
by a plasma-clot lysis assaywas associatedwith an approximately
twofold increased risk of venous thrombosis in patients with
clot lysis times above the 90th percentile of controls in the Lei-
den Thrombophilia Study. Analysis of the large MEGA (Mul-
tiple Environmental and Genetic Assessment) study confirmed
this finding and demonstrated that hypofibrinolysis in combina-
tion with established acquired and genetic risk factors, such as
FVR506Q, had a synergistic effect on venous thrombosis risk.
A genetic basis for hypofibrinolysis in these patients was not
investigated.Geneticmutation in the thrombin-activatable fibri-
nolytic inhibitor (TAFI) gene has not been linked to thrombosis
risk, although plasma TAFI levels appeared to be weakly linked
to thrombosis risk in some studies.

Homocysteine

Hyperhomocysteinaemia may be caused by genetic abnormal-
ities, but only the severe inherited abnormalities of homo-
cysteine metabolism (homozygous cystathionine β-synthase
deficiency and homozygous deficiency of methylenetetrahydro-
folate reductase) result in congenital homocysteinuria associ-
ated with an increased risk of both arterial and venous thrombo-
sis, as well as premature atherosclerosis and mental retardation,
epilepsy, and skeletal and eye problems. Half of patients present
with venous or arterial thrombosis before the age of 30 years (see
also Chapter 5).
The thermolabile variant ofmethylenetetrahydrofolate reduc-

tase (MTHFR) due to a common genetic polymorphism
(C677T) is not a risk factor for venous thrombosis. The gene fre-
quency of the T allele is 30%, whichmeans that 40% of the popu-
lation is heterozygous and 10% homozygous for the T polymor-
phism. Although the TT genotype has been shown to be asso-
ciated with raised plasma homocysteine concentrations in some
studies, this is only evident in areas of the world with a low folate
intake and an analysis of 23 studies gave the relative risk of vascu-
lar disease associated with the TT genotype as 1.12 (0.92–1.37).
Large, randomized clinical trials (predominantly performed in
regions with a good folate intake) have shown that vitamin sup-
plementation to reduced homocysteine levels does not reduce

cardiovascular risk. Genetic testing for MTHFR should not be
part of a thrombophilia screen and has no clinical utility.

Treatment of patients with venous
thrombosis and heritable thrombophilias

There is no evidence that heritable thrombophilia should influ-
ence the intensity of anticoagulation. In patients with antithrom-
bin deficiency, heparin resistance is infrequent and recurrence
or extension of thrombosis while on treatment is no greater
than that observed in individuals without antithrombin defi-
ciency. Warfarin-induced skin necrosis is extremely rare, even
in patients with protein C or S deficiency, such that most indi-
viduals with protein C or S deficiency do not develop skin necro-
sis. The intensity of maintenance therapy with warfarin should
not be influenced by laboratory evidence of inherited throm-
bophilia. There is no evidence that recurrence on treatment is
more likely in patients with heritable thrombophilia.
Long-term prospective cohort outcome studies have shown

that finding a heritable thrombophilia does not usefully predict
recurrence in unselected patients after an episode of venous
thrombosis. However, these studies were not powered to exclude
an increased risk of recurrence specifically in relation to rare
thrombophilias, such as antithrombin or protein C deficiency.
Therefore, it remains uncertain if mutations in SERPINC1,
PROC or PROS causing deficiency of the corresponding pro-
tein might predict a sufficiently high risk of thrombosis to
justify long-term (lifelong) anticoagulation. Studies in
thrombosis-prone families indicate a risk of recurrence that
would justify long-term anticoagulation, but these studies may
not be representative of risk associated with the SERPINC1,
PROC and PROS mutations per se, but may be influenced by
additional defects in the thrombosis-prone family members.
Further studies are required to define the relative risk of recur-
rent events associated with the actual SERPINC1, PROC and
PROS mutations.
Systematic reviews indicate a risk of 1.4 for recurrent venous

thromboembolism in patients heterozygous for the FVR506Q
mutation and 1.2–1.7 for the F2G20210Amutation. The authors
concluded that the magnitude of the increase in risk was mod-
est and by itself did not justify an extended duration of antico-
agulation. An analysis of the MEGA study showed that testing
for inherited thrombophilia did not reduce recurrence of venous
thrombosis.
As a result of these observations, at present the following con-

clusions seem reasonable:
� Indiscriminate testing for heritable thrombophilias in unse-
lected patients presenting with a first episode of venous throm-
bosis is not indicated.
� Decisions regarding duration of anticoagulation (lifelong or
not) in unselected patients should be made with reference to
whether a first episode of venous thrombosis was provoked,
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other risk factors and risk of anticoagulant therapy-related
bleeding, regardless of whether a heritable thrombophilia is
known.
� Testing for heritable thrombophilias in selected patients, such
as those with a strong family history of unprovoked recur-
rent thrombosis, may influence decisions regarding duration
of anticoagulation. Unfortunately, in this regard, identifying
patients for testing is not straightforward, as criteria for defin-
ing thrombosis-prone families have not been validated and the
association between family history of thrombosis and detection
of inherited thrombophilia is weak.

Case finding

Testing for heritable thrombophilias in patients presenting with
venous thrombosis allows case finding of affected asymptomatic
family members. The rationale is that this permits avoidance of
environmental risks (e.g. use of the combined oral contracep-
tive pill [COCP] by females) or provides an opportunity for tar-
geted thrombophylaxis at times of unavoidable high risk (such as
surgery). This rationale assumes such action would not be taken
for family members without thrombophilia. However, individ-
ual risk is affected by multiple genetic and environmental fac-
tors that will be different, even among first-degree relatives.
Prospective cohort studies have determined the annual risk of
venous thrombosis in asymptomatic family members identified
after testing unselected patients presenting with venous throm-
bosis. The studies included more than 3500 patient-years of
observation. The annual risk of venous thrombosis in asymp-
tomatic family relatives of index patients was 0.1% for those with
F2G20210A, 0.6% for those with FVR506Q, about 2% for pro-
tein C and protein S deficiency, and 4% for antithrombin defi-
ciency. High-risk periods contribute to approximately half of all
events in patients with FVR506Q and thrombophylaxis appears
to reduce risk. In the EPCOT registry, patients were referred to
specialist centres for thrombophilia testing if they had a personal
or family history of venous thrombosis. The incidence of throm-
bosis on study entry was determined retrospectively in asymp-
tomatic relatives. The risk of venous thrombosis was 16 times
higher in affected relatives, with the greatest risk in relatives
of patients with deficiency of a natural anticoagulant or multi-
ple defects. The highest risk was in individuals with antithrom-
bin deficiency (1.7% per year) or combined defects (1.6% per
year). Targeted case finding of relativeswith ‘severe’ or ‘high-risk’
thrombophilias, such as deficiency of antithrombin, proteinC or
protein S, has been suggested, although the clinical utility of such
methods remains uncertain and contentious among experts.
Given uncertainty, some experts argue that it is reasonable

to perform testing if it is anticipated that clinical management
will be influenced, for example an intensified or extended period
of prophylaxis during a high-risk period. If a family history
suggests a high degree of genetic penetrance, then it might be

reasonable to test a symptomatic patient and then their relatives
with a view to enhanced prophylaxis at times of high risk in
affected members, for example thrombophylaxis in pregnancy
when there is a family history of pregnancy-associated throm-
bosis, or intensified or extended surgical thrombophylaxis when
there is a history of thrombophylaxis failure in affected mem-
bers. In all cases, the risks, benefits and limitations of testing
should be discussed in the context of explained inheritance and
disease risk. The importance of this is demonstrated by reported
anxiety after testing positive and an over-estimated perception of
risk. Simplemethods for quantifying a positive family history do
not discriminate patients with and without thrombophilia and
therefore the decision to test for inherited thrombophilia can-
not be accurately guided by the presence or absence of a family
history.

Prevention of thrombosis associated with
oestrogen-containing hormone
preparations

In some women, heritable thrombophilia has already been
established, while in others it is perceived that testing would
enable informed decision-making regarding use of a COCP or
hormone-replacement therapy (HRT). However, the absolute
risk of thrombosis is low and the fact that venous thrombosis
has a multiple genetic basis with incomplete penetrance makes
counselling in relation to genetic testing uncertain. In many
instances, an alternative effective contraceptive is acceptable and
unlike the COCP the progesterone only pill is not associated
with an increased risk of thrombosis. Similar principles apply
to HRT, although the baseline risk is higher as the population
is older. Rarely is there a therapeutic indication for HRT and in
most instances there is only a weak indication. If HRT is consid-
ered essential, then a non-oral formulation is associated with a
significantly lower risk of venous thrombosis.
A first-degree relative with a history of venous thrombosis

is a relative contraindication to an oestrogen-containing hor-
monal preparation. The risk is dependent on the circumstances
of thrombosis in the relative. For example, a history of an elderly
relative who developed venous thrombosis as a complication
of cancer is not a contraindication. In contrast, a relative with
unprovoked venous thrombosis, or specifically a sibling devel-
oping venous thrombosis while taking a COC, should be con-
sidered a strong contraindication. In families with known her-
itable thrombophilias the risk of venous thrombosis can be
increased in unaffected members as well as affected and so a
negative thrombophilia result does not exclude an increased
risk of venous thrombosis. Therefore, decisions regarding use of
COCPs and whether thrombophilia testing is likely to be infor-
mative should be made with reference to individual clinical risk
factors and the circumstances associated with venous thrombo-
sis in the family.
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Prevention of pregnancy-associated
venous thrombosis

Pregnancy is associated with a fivefold to tenfold increased risk
of venous thrombosis compared with non-pregnant women of
comparable age, with an absolute risk of 1–2 per 1000 deliv-
eries. The risk of thrombosis, compared with the general age-
matched female population, is increased 100-fold in pregnancy
in women with a previous thrombosis. Retrospective studies in
women with previous venous thrombosis for whom detailed
information on the type of thrombophilia was available indicate
that the rate of recurrence is similar in women with and with-
out thrombophilia, although studies excludedwomenwith high-
risk thrombophilias (anticoagulant deficiency, multiple defects).
Thrombosis rarely occurs in women whose initial event is pro-
voked. In general, the absolute risk of pregnancy-associated
venous thrombosis in womenwith heritable thrombophilia with
no previous history is small, but women with antithrombin defi-
ciency or those homozygous for the FVR506Q or F2G20210A
mutations or who are double heterozygotes should be regarded
as being at higher risk. The number of women with these defects
is very small.
In women with a previous history of venous thrombosis, the

major factor in determining if prophylaxis should be given is
whether prior venous thrombosis was provoked or not. If the
episode was unprovoked, prophylaxis should be considered, and
thrombophilia testing is not required if prophylaxis is given. In
women with a first provoked event, the decision to test should
be influenced by the strength of the provocation, for exam-
ple thrombosis associated with major trauma and subsequent
immobility would not be an indication for prophylaxis or test-
ing. In women with a first-degree relative with thrombosis, the
decision to test should be influenced by whether the event in
the relative was unprovoked or provoked and the strength of the
provocation. If the event in the first-degree relative was associ-
ated with pregnancy or COCP, then testing and finding throm-
bophilia should prompt consideration of prophylaxis, particu-
larly if the symptomatic relative was known to have the same
defect, especially deficiency of antithrombin or protein C.When
testing in pregnancy is performed it is necessary to interpret the
results with reference to the effect of pregnancy on the tests.

Pregnancy morbidity

There is evidence of an association between heritable throm-
bophilia and pregnancymorbidity, including early and late preg-
nancy loss, pre-eclampsia and intrauterine growth retardation.A
recent study has shown that antepartum prophylactic dalteparin
does not reduce the occurrence of venous thromboembolism,
pregnancy loss, or placenta-mediated pregnancy complications
in pregnant women with thrombophilia at high risk of these
complications and is associated with an increased risk of minor
bleeding.

Purpura fulminans

Purpura fulminans is a rare syndrome characterized by progres-
sive haemorrhagic skin necrosis that occurs in neonates with
congenital severe protein C deficiency at birth or in the first few
days of life, and in association with infection in children and
adults. The condition may occur in children without congenital
anticoagulant deficiency following viral infections, with an onset
within 10 days of infection. Acquired severe protein S deficiency
has been reported in purpura fulminans following chickenpox
infection. With bacterial infections, disseminated intravascular
coagulation (DIC) is often present, for example meningococcal
infection. In patients with very severe skin necrosis, testing for
acquired protein C or S deficiency should be considered, as
plasma exchange may be beneficial. Neonates homozygous for
protein C or S deficiencymay be born with skin necrosis or DIC.

Vitamin K antagonist-induced skin
necrosis

Vitamin K antagonist-induced skin necrosis, such as that seen
with warfarin, is extremely rare, even in patients with protein C
or S deficiency, such that most individuals with protein C or S
deficiency do not develop skin necrosis. However, a high pro-
portion of patients with vitamin K antagonist-induced necro-
sis have heritable protein C deficiency. The condition has been
described in patients with other heritable thrombophilias. Vita-
min K antagonist-induced necrosis associated with heritable
thrombophilias tends to involve a central distribution.

Thrombophilia and arterial thrombosis

The genetic risk factors for venous thrombosis and arterial
atherothrombosis overlap, but the material contribution of each
differs between the two diseases. Hypercoagulability result-
ing from variation in the genetic control of blood coagula-
tion produces a greater material contribution to venous throm-
bosis. However, it is becoming increasingly recognized that
both genetic and acquired risk factors are common denom-
inators for venous and arterial thrombosis. In patients pre-
senting with venous thrombosis before the age of 40 there
appears to be an increased risk of acute myocardial infarction
subsequently.
Evidence of an association between heritable thrombophilia

and arterial thrombosis is limited to case reports and small stud-
ies. It is possible that heritable defects that result in increased
coagulability increase the likelihood of atherothrombosis. How-
ever, the material contribution of heritable thrombophilia, as
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compared with established cardiovascular risk factors, is not
sufficient to change therapy for primary and secondary pre-
vention. Therefore, testing young patients for heritable throm-
bophilia after an arterial occlusive event is unhelpful. Because
there is no established causal relationship and as treatment and
secondary prevention should be in relation to established cardio-
vascular risk factors, thrombophilia testing is not recommended.
In patients with arterial thrombosis at a young age that cannot
be explained by conventional cardiovascular risk factors, various
causes should be considered, including antiphospholipid anti-
body syndrome, a cardiac or large-artery source of embolus, vas-
culitis, aneurysm, a collagen-vascular disorder causing arterial
dissection.

Neonatal stroke (see also Chapter 50)

Heritable thrombophilic defects are associated with perinatal
brain injury. The pathogenesis is thrombosis in either cerebral
arteries or cerebral veins or sinuses. Secondary brain infarction
results, with subsequent cystic change. Thrombophilia is not a
significant risk factor for ischaemic stroke in adults, as it does not
increase the risk of arterial thrombosis (but cerebral vein throm-
bosis can present as stroke). In the neonate the pathophysiology
of stroke is quite different and thrombophilia may increase the
risk of arterial thrombosis and stroke in the neonate or fetus.
There are two potential explanations for this:
1 The circulation in the neonate is different. In the adult venous
blood is ‘filtered’ by the pulmonary circulation. In the fetus and
neonate the lungs are bypassed by the ductus arteriosus and so
it is possible for clots arising in the venous system to bypass the
lungs and occlude a cerebral artery.
2 The blood coagulation system of the neonate is different to
that of the adult. It is possible that the coagulability of blood
in fetal and neonatal arteries is influenced by thrombophilic
defects. However, this remains to be investigated.
Testing for defects may therefore identify a material contribu-

tory factor, but does not typically informmanagement decisions.
For example, anticoagulant therapy is not usually considered in
children found to have a suffered a stroke in the neonatal period
and there may be significant time before a neurological deficit is
recognized or the cause of stroke determined. In practice, test-
ing is sometimes performed in order to explain to parents why a
stroke possibly occurred.

Laboratory methodology and testing
strategy

The laboratory diagnosis of heritable thrombophilias is difficult
as the tests are subject to considerable preanalytical variables.
Low levels of antithrombin, protein C and protein S occur in a
variety of circumstances and test results and the clinical impli-

cations of both positive and negative results are frequently mis-
interpreted.
A full blood count and platelet count are useful indicators

of general health and will identify myeloproliferative disorders
that increase thrombotic risk. The APTTmay detect some lupus
anticoagulants, but a sensitive assay should be used. The throm-
bin time will detect heparin contamination and the prothrom-
bin time (PT) is useful for the interpretation of protein C and
protein S levels. Testing is usually delayed until at least 1 month
after completion of a course of anticoagulation with a vitamin K
antagonist. Testing should be avoided during intercurrent illness
and use of COCPs or HRT should be noted. Sometimes testing
is performed during pregnancy and so interpretation of results
must be made with reference to the effect of the pregnancy on
results.
Functional assays should be used where accuracy and pre-

cision are acceptable. However, no single method will detect
all defects. For example, a protein C chromogenic assay will
not detect a dysfunctional protein C molecule with impaired
phospholipid binding due to a mutation in the Gla domain. A
clot-based protein C assay would be sensitive to this defect, but
imprecision of the assay would result in reduced sensitivity and
specificity for other defects compared with a chromogenic assay.
Similarly, the performance of antithrombin assays will be influ-
enced by heparin concentration, the preincubation time with
heparin, use of FXa or bovine thrombin or human thrombin as
a substrate. For example, an assay utilizing a short heparin incu-
bation time will detect heparin binding-site defects, which may
not be associated with an appreciably increased risk of venous
thrombosis.
Even in familieswith characterized defects, a phenotypic assay

may fail to accurately discriminate affected and non-affected
individuals. True heritable deficiencies may not be detected and
false-positive diagnoses are common, 1 in 40 will have a level
below the lower limit of the reference range and few of these have
inherited deficiency.

Preanalytical variables

Most assays are affected by clots in the sample. Antibody assays
may be affected by atypical antibodies such as paraproteins,
rheumatoid factor and heterophile antibodies. Chromogenic
assays are subject to interference by lipaemia and haemolysis.
Clot-based assays are subject to imprecision due to variation in
the baseline clotting time and the levels of other factors.
Low levels of antithrombin, protein C or protein S may relate

to age, sex, acquired illness or drug therapy and therefore inter-
pretation requires knowledge of the patient’s condition at the
time of blood sampling. Interpretation of results in children
must be with reference to the normal range for age.
Low levels of antithrombin, protein C or protein S suspected

to be the result of heritable mutations should be confirmed on
one or more separate samples. Demonstrating a low level in
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other family members supports a diagnosis of heritable defi-
ciency and characterization of the genetic mutation can confirm
the diagnosis and give some indication of thrombosis risk, par-
ticularly in the case of antithrombin deficiency.

General recommendations for laboratory
tests and interpretation
� Testing at the time of acute venous thrombosis is not indicated,
as the utility and implications of testing need to be considered
and the patient needs to be counselled before testing. As treat-
ment of acute venous thrombosis is not influenced by test results,
testing can be performed later.
� The PT should bemeasured to detect the effect of oral vitamin
K antagonists, which will cause a reduction in protein C and S
levels.
� Functional assays should be used to determine antithrombin
and protein C levels.
� Chromogenic assays of protein C activity are less subject to
interference than clotting assays and are preferable.
� Immunoreactive assays of free protein S antigen are preferable
to functional assays. If a protein S activity assay is used in the
initial screen, low results should be further investigated with an
immunoreactive assay of free protein S.
� If an APC resistance assay is performed to detect FVR506Q,
then the modified APC sensitivity test (predilution of the test
sample in FV-deficient plasma), as opposed to the original APC
sensitivity test, should be used as a phenotypic test for FV Lei-
den. If positive, the mutation should be confirmed by a direct
genetic test. An APC resistance assay is unnecessary if a direct
genetic test for FV Leiden is used initially.
� Repeat testing for identification of deficiency of antithrombin,
protein C and protein S is indicated and a low level should be
confirmed on one or more separate samples. Deficiency should
not be diagnosed on a single abnormal result.
� Rigorous internal quality assurance and participation in
accredited external quality assessment schemes are mandatory.
� Thrombophilia testing must be supervised by experienced
laboratory staff and the clinical significance of the results must
be interpreted by an experienced clinician who is aware of all
relevant factors that may influence individual test results in each
individual case.

Antithrombin assays

The activity of antithrombin can be measured as progressive
activity towards thrombin in the absence of heparin (designated
accordingly ‘progressive activity’). More usually antithrombin
activity against either thrombin or FXa is measured in the pres-
ence of heparin (designated ‘heparin cofactor activity’). Activ-
ity assays typically use a chromogenic substrate in which a small
synthetic peptide is linked to p-nitroaniline. Cleavage of the pep-
tide releases the p-nitroaniline, which is yellow and can be mea-

Antithrombin + heparin

[Antithrombin:Heparin] + thrombin (excess)

[Antithrombin:Heparin:Thrombin] + thrombin (residual)

[Peptide:pNA] Peptide + pNA

Figure 44.4 Chromogenic antithrombin heparin cofactor assay.
Plasma (the source of antithrombin) is incubated with an excess of
thrombin (human or bovine) in the presence of heparin.
Thrombin is complexed and neutralized by heparin-activated
antithrombin until all antithrombin is complexed. The residual
thrombin is then detected by the chromogenic indicator. The
concentration of antithrombin in the sample is inversely
proportional to the residual thrombin concentration.

sured quantitatively. Patient plasma is incubated with heparin
and then an excess of thrombin or FXa is added. The heparin-
activated antithrombin is complexed and neutralizes some of
the thrombin or FXa. The remaining free protease quantified by
cleavage of the appropriate chromogenic substrate is inversely
proportional to the antithrombin level in patient plasma
(Figure 44.4).
Interference by other proteases and inhibitors in the plasma

sample is a potential problem. Interference by heparin cofactor
II, another heparin-activated serpin, can be eliminated by using
FXa or bovine thrombin as the target protease, as heparin cofac-
tor II only inhibits human thrombin. The effect of other pro-
teases in the patient plasma can be minimized by addition of a
protease inhibitor such as aprotonin.
The total amount of antithrombin protein can be measured

immunologically with antibodies, for example by ELISA. As
antithrombin antigen levels may be normal or near normal in
type II deficiency, immunological assays may fail to identify
patients with these variants.
Antithrombin levels are slightly reduced in infants, during

pregnancy, inwomen taking oestrogen preparations and in some
patients during heparin therapy. Levels also decrease with age
and acquired low levels occur in liver disease, DIC, nephrotic
syndrome, during L-asparaginase therapy, and in protein mal-
nutrition and cachexia.

Protein C assays

Protein C defects are divided into type 1, with a reduced amount
of functionally normal protein, and type 2, in which there is
reduced activity due to a dysfunctional protein. In this case
there is discordance between the functional and antigenic lev-
els. The laboratory diagnosis of protein C deficiency is based
on a functional assay. Most commercially available functional
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assays of protein C employ the specific activator Protac, a pro-
tein C activator derived from the venom of the southern cop-
perhead snake (Agkistrodon contortrix). Chromogenic assays
using a synthetic substrate for APC are simple to perform and
can detect all type 1 defects and type 2 defects affecting the
catalytic site. A chromogenic assay will not detect most other
type 2 defects. Clotting assays utilizing the prolongation of either
the PT or APTT after Protac activation have the capacity to
detect other, but not all, type 2 defects, but are subject to impre-
cision due to variation in the baseline clotting time and the
levels of other factors, for example if there is a short APTT
due to a high FVIII level, or the presence of the factor V Lei-
den mutation which results in a falsely low protein C activity
due to APC resistance, or in the presence of a lupus antico-
agulant. The diagnosis of protein C deficiency is problematic
because of the wide overlap in protein C activity between het-
erozygous carriers and unaffected individuals. Protein C levels
are not affected by pregnancy or oestrogen exposure. Acquired
low levels of protein C occur during anticoagulant therapy with
oral vitamin K antagonists, vitamin K deficiency, DIC and liver
disease.

Protein S assays

Protein S is usually quantified immunologically rather than
measured functionally. Originally, free protein S was measured
in plasma supernatant after precipitation of C4b-bound protein
S by polyethylene glycol (PEG). Nowadays PEG precipitation is
not required as monoclonal antibodies that detect only free pro-
tein are used. Functional protein S assays are imprecise and are
not used in the majority of coagulation laboratories.
Protein S levels are significantly lower in females, so much

so that different reference ranges are required for males and
females and if this is not done there is a significant risk of a
false-positive diagnosis of protein S deficiency in women. Pro-
tein S levels fall progressively during normal pregnancy and are
reduced by oestrogens. Acquired low levels of protein S occur
during anticoagulant therapy with oral vitamin K antagonists,
vitamin K deficiency, DIC and liver disease.

FVR506Q and APC resistance

Nowadays, the FVR506Q mutation is usually detected by direct
mutation analysis. APC resistance assays typically utilize the
APTT. Samples are tested with and without an added fixed con-
centration of APC. The clotting times are expressed as a sensi-
tivity ratio, i.e. the APTT (seconds) of patient plasma plus APC
divided by the APTT (seconds) of patient plasma without added
APC; the lower the ratio, the greater the APC resistance. Platelet
contamination and activation must be avoided as this will lead
to APC resistance. The ratio can be normalized by dividing the
patient’s sensitivity ratio by the sensitivity ratio of a pooled nor-
mal plasma. If normalization is used, FVR506Q carriers should

be excluded from the normal plasma pool. The APC resistance
assay is abnormal not only in the presence of FVR506Q, but with
all other causes of heritable and acquired APC resistance and in
individuals with a prolonged baseline APTT due to clotting fac-
tor deficiencies or anticoagulant therapy. It is therefore not spe-
cific for FVR506Q.Modification of the test by a 1 in 4 predilution
of the test plasma in FV-deficient plasma increases the sensitiv-
ity and specificity of the assay for FVR506Q to almost 100% and
this test is reliable if genetic analysis is not available.

F2G20210A

A laboratory clotting test with sensitivity and specificity for this
mutation is not available and so detection is by direct mutation
analysis.

Next-generation global thrombophilia tests

A test that predicts a high rate of recurrent venous throm-
bosis would be clinically useful. The clinical utility of such a
test would be the identification of patients in whom the ben-
efit of continued long-term anticoagulant therapy outweighed
the risk. Patients with a first unprovoked venous thrombosis
are at highest risk of recurrence, but it is arguable if the level
of risk estimated from clinical risk factors alone justifies long-
term anticoagulation. A new generation of thrombophilia tests
that measure the degree of coagulability are now being investi-
gated in clinical studies. These include biomarkers, such as D-
dimer, which reflect the level of thrombin generation in vivo,
and thrombin generation assays, which measure the capacity
of a patient plasma sample to generate thrombin in response
to a predefined coagulation trigger, for example low concen-
tration tissue factor. It has now been demonstrated in several
studies that the level of D-dimer correlates with risk of recur-
rent venous thrombosis and this test is being used increasingly
to stratify patient risk and influence clinical decisions regard-
ing duration of anticoagulant therapy after an episode of venous
thrombosis.

Counselling and genetic testing

Clinical utility refers to the ability of a screening or diagnos-
tic test to prevent or reduce adverse health outcomes, including
mortality, morbidity and disability. A test does not have inher-
ent clinical utility; rather it is the adoption of a therapeutic or
preventive intervention on the basis of the test result that influ-
ences health outcomes. Clinical utility can more broadly refer to
any use of a test result to inform clinical decision-making, and
this may include information considered important by individ-
uals and families.
A large proportion of genetic counselling focuses on pre-

senting risk information. Making sense of information can be
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difficult. Whenever a patient is offered an intervention, there is
a trade-off between benefit and risk. The benefit and risk infor-
mation must be presented in ways that are relevant and under-
standable. In addition to the quantitative information, the quali-
tative aspect of risk is equally important. A relative risk does not
indicate how likely it is that an outcome will occur, only how
much relatively more or less likely it is. It is the absolute risk
that indicates how likely an event will be. For example, the rel-
ative risk of venous thrombosis is increased twofold to sixfold
in a female aged between 20 and 40 years who takes a COCP,
depending on her age and the COCP preparation. It is accepted
thatCOCPexposure increases the risk of venous thrombosis and
some women presented with this information might choose not
to use a COCP as, despite its proven efficacy and attractions.
When informed that the risk would be 35-fold higher than the
population baseline risk if the woman had the factor V Leiden
mutation and used a COCP, some women would again choose
to avoid use of a COCP. However, in order to make an informed
decision it is necessary for the woman to know how likely it is
she would suffer venous thrombosis if she did not use the COCP
and how much the absolute risk would change if she did use a
COCP. The population baseline risk of thrombosis is about 1 per
10,000 per year under the age of 40. If a woman used a COCP it
would increase about fourfold to about 4 per 10,000 per year.
Clearly, the risk of venous thrombosis associated with COCP
use is very low. For a woman with the factor V Leiden mutation,
her baseline risk of thrombosis would be about 1 per 2000 per
year under the age of 40, a risk that is increased about fivefold
compared with a woman without this mutation. If this woman
were to take a COCP, her absolute risk would increase from 1 per
2000 to 1 in 300, a risk that is increased about sevenfold for her
but which is 35-fold greater than the population baseline risk.
For many women an annual risk of 1 in 300 is acceptable, given
the proven efficacy, ease of use and other obvious advantages of
a COCP.
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45Acquired venous thrombosis
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Epidemiology of venous
thromboembolism (VTE)

Deep vein thrombosis (DVT) is common, principally affecting
the lower limbs. In western populations the annual incidence
is around 1 per 1000 population. Incidence is age-dependent,
being exceptional in childhood and increasing with age with
an incidence of around 1 per 10,000 population per annum
in young adults, and 1% per annum in the very elderly. The
incidence of pulmonary embolism is lower, possibly around 1
per 3000 population annually, although subclinical pulmonary
embolism occurs frequently in subjects with lower limb prox-
imal DVT. In patients who die in hospital there is evidence
of pulmonary embolism in up to 20% of cases and in many
it contributes to the cause of death. In some cases pulmonary
embolismpresents without identifiableDVT, reflecting that 80%
of DVTs are clinically silent.
Virchow’s triad, described in 1859, postulates that venous

thrombosis could result from changes in blood flow, hypercoag-
ulability of the blood, or abnormalities of the blood vessel wall.
Hypercoagulability as a result of inherited thrombophilia is dis-
cussed inChapter 44. Themain risk factors forVTE are shown in
Table 45.1 and in many cases a combination of factors described
by Virchow are present. In this chapter, the acquired conditions
that predispose to venous thromboembolism (VTE) are consid-
ered, although in a minority of cases it is likely that the individ-
ual genotype influences the likelihood of thrombosis in particu-
lar circumstances. In addition to the factors listed in Table 45.1,
there has been recent interest in an association betweenVTE and
artherosclerotic disease and the metabolic syndrome.

Pregnancy and venous thromboembolism

Around 1 in 1000 pregnancies is complicated by DVT or
pulmonary embolism. Widespread use of thromboprophylaxis
in at-risk pregnancies has contributed to massive pulmonary
embolism no longer being the leading causes of pregnancy-
related death in the UK. However, it still remains a major cause
of death in the Triennial Confidential Enquiry. Although the
postpartum phase has been considered to be the time of high-
est risk, overall at least as many episodes of VTE occur antepar-
tum, including some in the first trimester. There are notable
clinical features in pregnancy-related DVT: around 70% of
thromboses affect the deep veins of the left lower limb and
involve the iliofemoral vein from the time of presentation;
thrombosis restricted to the deep veins of the calf is uncommon
in pregnancy, but is more common after delivery. The left-sided
predominance most likely relates to the anatomical relationship
between the iliac artery and vein on that side. Many affected
women develop post-thrombotic syndrome.
The pathogenesis of pregnancy-related VTE is multifacto-

rial, as in other situations. Pre-exisiting patient factors, such
as obesity, along with specific pregnancy-related factors such
as raised intra-abdominal pressure and vascular compression
caused by the gravid uterus, the suppressed systemic fibrinolytic
capacity partly due to the production of plasminogen activator
inhibitor-2 by the placenta, the progressive increase in plasma
concentrations of clotting factors from around 10 weeks’ ges-
tation, including factor (F)VIII and fibrinogen, and the fall
in plasma concentration of the anticoagulant cofactor protein
S may all contribute to thrombosis risk. Operative delivery,

Postgraduate Haematology, Seventh Edition. Edited by A Victor Hoffbrand, Douglas R Higgs, David M Keeling and Atul B Mehta.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

809



Postgraduate Haematology

Table 45.1 Risk factors for venous thromboembolism.

Inevitable/environmental
� Increasing age
� Pregnancy and puerperium
� Prolonged immobility, e.g. long-haul travel
� Obesity
� Trauma

Iatrogenic
� Surgery
� Indwelling venous devices
� Pharmacological
� Oestrogen related: combined oral contraceptive,
hormone-replacement therapy, tamoxifen
� Ovarian stimulation regimens
� Chemotherapy and radiotherapy
� Heparins

Disease-related
� Antiphospholipid syndrome
� Cancer
� Myeloproliferative diseases
� Acute promyelocytic leukaemia
� Inflammatory states e.g. nephrotic syndrome, inflammatory
bowel disease, connective tissue disorders
� Stroke
� Paroxysmal nocturnal haemoglobinuria
� Thrombotic thrombocytopenic purpura
� Sickle cell disease and other sickling syndromes
� Congestive cardiac failure

especially emergency caesarean section increases the risk
further.
Although heritable thrombophilias contribute to the risk of

pregnancy-related VTE, in around 70% of cases, no hereditary
thrombophilia can be identified and in 25% there is also no
obvious risk factor other than otherwise normal pregnancy.
Currently, diagnosis is dependent on imaging because the use

of the Wells score and D-dimers has not been validated in preg-
nancy, and in late pregnancy D-dimers are often increased. It
is useful to perform bilateral Doppler ultrasound of the legs
initially in the diagnostic algorithm for pulmonary embolism,
because if it is positive it negates the need for radiation expo-
sure. The use of CT pulmonary angiography increases the risk
of breast cancer in the mother by 10%. V/Q scanning delivers a
lower dose of radiation to the mother but may carry a slightly
increased risk of childhood cancer; in both situations the abso-
lute risk is very small. V/Q SPECT has a similar sensitive and
specificity to CTPA. Where feasible, women should be involved
in the decision to undergo CTPA or V/Q scanning.
When VTE is diagnosed in pregnancy it is treated with

low-molecular-weight heparin (LMWH) in doses based on the
woman’s booking or early pregnancy weight. There is insuf-

ficient evidence to recommend whether the dose of LMWH
should be given once daily or in two divided doses. Treat-
ment with therapeutic doses of subcutaneous LMWH should be
employed during the remainder of the pregnancy and antico-
agulation should continue for at least six weeks postnatally and
until at least 3 months of treatment has been given in total. Once
labour is established LMWH should be stopped; where deliv-
ery is planned, either by elective caesarean section or induction
of labour, LMWH should be stopped 24 hours prior to planned
delivery. Regional anaesthetic or analgesic techniques should not
be undertaken until at least 24 hours after the last dose of thera-
peutic LMWH. LMWH should not be given for 4 hours after the
use of spinal anaesthesia or after the epidural catheter removal,
and the epidural cannula should not be removed within 10–12
hours of the most recent injection.

Immobility as a risk factor for venous
thromboembolism

It is likely that venous stasis is significant in the pathogenesis
of many cases of VTE. Sitting still for 90 min reduces the flow
through the popliteal vein by 50%. Immobility is a major con-
tributor to hospital-acquired VTE, and is a factor in DVT in
paralysed limbs and associated with splinting, for example in a
plaster cast.
There has been considerable interest in the relationship

between VTE and the physically cramped conditions encoun-
tered during travel, especially long-haul aircraft journeys. The
term ‘economy class syndrome’ has been coined to encompass
the occurrence of VTE during and after air travel. The level of
risk of VTE has been severely exaggerated, partly due to media
attention. Epidemiological data suggest a relative risk of around
twofold, which persists for a few weeks after the journey. A simi-
lar level of risk applies to other modes of powered travel, includ-
ing by road. Observational data indicate that the incidence of
fatal pulmonary embolism induced acutely by air travel is less
than one in amillion journeys. The duration of the flight is a fac-
tor, with some evidence thatVTE risks begin to increase progres-
sively with flight time of greater than 4 hours. The pathogenesis
is multifactorial, and the elderly, travellers with recent surgical
or medical admission and those with a previous history of VTE
aremore at risk. The contribution of the particular environmen-
tal conditions within a pressurised cabin, particularly hypobaric
hypoxia, to hypercoagulability is disputed. At present it is rea-
sonable to assume that any form of long-distance powered travel
carries a low, but slightly increased, risk of VTE and to recom-
mend simple precautionary measures such as maintenance of
hydration and calf exercises and ambulation in order to main-
tain venous flow in the lower limbs. Emerging studies shows that
prolonged sitting in office or at home especially on line gam-
ing, is associated with increased risk of VTE and is known as
‘e-thrombosis’.

810



Chapter 45 Acquired venous thrombosis

Iatrogenic venous thromboembolism

Hospital acquired thrombosis

VTE is common in hospitalized subjects, and has led to the
widespread adoption of physical and pharmacological methods
of thromboprophylaxis which reduce risk by 50–70%. Hospital-
acquired VTE also known as hospital-acquired thrombosis
(HAT) may occur up to 90 days after admission, with the peak
incidence of DVT in the first week and highest rate of PE in
the second to third week after discharge. Immobility and the
acute phase response seen in postoperative patients and acutely
ill medical patients, are factors. The UK National Institute for
Health and Care Excellence (NICE) has recommended that all
adults admitted to hospital are assessed for their risk of VTE.
Medical patients with risk factors (and this includes reduced
mobility) and surgical patients are offered LMWH or fonda-
parinux, unless there is a contraindication. In addition, surgi-
cal patients receive mechanical prophylaxis with antiembolism
stockings (thigh or knee length), foot impulse devices or inter-
mittent pneumatic compression devices. The highest prevalence
of VTE occurs after major orthopaedic surgery to the lower
limb and dense stroke. In hip replacement and knee replace-
ment surgery subclinical DVT is frequently detectable by imag-
ing, although there is evidence that clinically significant VTE
may be becoming less common due to improvements in surgical
techniques and materials, as well as wider use of thrombopro-
phylaxis. Extended prophylaxis for up to 28–35 days has been
shown to reduce VTE in those undergoing hip replacement,
knee replacement and abdominal or pelvic surgery for cancer.
For those undergoing hip or knee replacement, several non-
vitamin-K antagonist oral anticoagulants (NOACs) are licenced
for thromboprophylaxis.

Indwelling venous devices

The use of indwelling venous catheters is common in several
groups of patients, including those with malignancy, acute renal
failure and those requiring total parenteral nutrition. The fact
that there are not more thrombotic complications of indwelling
lines is possibly surprising when one considers the inherent con-
cept of a foreign surface being placed in a vein for a signifi-
cant period of time. Nevertheless thrombosis of these lines is
fairly commonwith a higher incidence observed in patients with
large diameter lines and those with a tip positioned distal to
the superior vena cava. A number of other factors contribute to
the thrombosis risk, including infection, extrinsic compression,
the use of certain types of chemotherapy and a previous history
of VTE. A Cochrane review evaluated the efficacy of oral and
parenteral anticoagulants in the prevention of central venous
catheter-related thrombosis reported up to February 2010. Nei-
therwarfarin nor prophylactic-dose LMWHwas associatedwith

reduction in risk and neither should be routinely used for pro-
phylaxis.
The presentation of line-related thrombosis is site specific.

For lines in the upper limb area the presentation often includes
swelling, pain and discolouration of the arm and possibly face.
Most diagnoses are made by ultrasound, although contrast
venography is still used in some centres. Treatment is very
dependent on the perceived value of the line, stage of illness of
the patient and likelihood of being able to replace the line else-
where if needed. There are options, including local thrombolysis
and anticoagulation with or without line removal.

Pharmaceuticals

Combined oral contraceptive
VTE associated with use of the combined oral contraceptive
(COCP) is of particular importance because it affects healthy
women in a young age group. The overall risk of VTE in a
COCP user is around four- to fivefold higher than in a non-pill
user. The risk is also increased by family history of thrombo-
sis, obesity, thrombophilia and older age. Fortunately, the abso-
lute risk remains acceptable because of the low background inci-
dence of thrombosis in women of childbearing age. Combined
pills induce a state of activated protein C resistance, and this
appears to be more marked with the third-generation contra-
ceptives than second-generation preparations. Most prepara-
tions in current use contain an equivalent dose of oestrogen,
usually 30–35 μg of ethinylestradiol. However, the progestagen
content varies. In second-generation pills this is levonorgestrel,
whereas in third-generation products it is desogestrel, gestodene
or norgestimate. There is convincing epidemiological evidence
that third-generation pills carry a greater risk of clinical VTE.
Progestagen-only oral contraceptives appear to carry a lower risk
of VTE such that their use can be considered in women inwhom
the COCP is contraindicated.

Hormone-replacement therapy
Oral hormone-replacement therapy (HRT) is also associated
with VTE risk. The relative thrombosis risk is equivalent to
second-generation COCPs, but the absolute risk is greater due
to the higher background incidence of VTE in older women.
Observational data indicate a very high rate of VTE in women
with a previous history of venous thrombosis who embark upon
HRT subsequently. Such is the level of risk that HRT is gener-
ally contraindicated in such women. If there are overwhelming
indications for HRT (usually disabling menopausal symptoms)
some clinicians consider warfarin thromboprophylaxis along-
side HRT in high-risk situations. The procoagulant changes
induced by oral HRT are not apparent with transdermal prepa-
rations and cohort studies suggest transdermal HRT may not
increase the risk of VTE andmay be considered in those thought
to be at increased risk.
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Drugs used in the treatment of malignancy
There is evidence that chemoradiotherapy is associated with a
risk of inducing venous thrombosis. The mechanisms underly-
ing this are unknown and almost certainly multifactorial. There
has been a recent massive increase in the number of drugs
that are available for systemic anticancer treatment and so it
is likely that new additions will be made to the list of drugs
associated with development of venous thrombosis. There are,
however, some well-documented agents that are worthy of a
mention.

Asparaginase
This has been used in the treatment of acute lymphoblastic
leukaemia in adults and children for many years. It is associated
with thrombotic complications including DVT, PE and cere-
bral sinus thrombosis. These occur more commonly in adults
than in children. Asparaginase use results in a coagulopathy that
includes a reduction in levels of fibrinogen, antithrombin and
also the other natural anticoagulants, which led to the use of
antithrombin concentrates, although there is poor evidence to
support this. The aetiology of the coagulopathy is uncertain.
Current recommendations are to actively give thromboprophy-
laxis with LMWH and only treat the coagulopathy if the patient
is bleeding.

Thalidomide and lenolidamide
These two iMIDs are commonly used in the treatment of
myeloma. It is in this indication that they seem to be most asso-
ciated with a prothrombotic risk, especially when they are com-
bined with high-dose steroids or other types of chemotherapy,
notably anthracyclines. Incidences of thrombosis as high as 25–
30% in the first few months of treatment have prompted studies
into effective thromboprophylaxis for these patients. It is now
routine practice for these patients to receive thromboprophy-
laxis while receiving these drug combinations.

Tamoxifen
Tamoxifen has been shown in large clinical trials to be a use-
ful adjuvant therapy for oestrogen-receptor-positive breast can-
cer. Unfortunately it is associated with an increased thrombosis
risk, which is probably mediated by its mild oestrogenic activ-
ity. Women taking tamoxifen have around a 3.5-fold increased
risk of thrombosis, which is present only for the first two years
of treatment and which is more prevalent in older rather than
younger women.
Women developing thrombosis on tamoxifen are likely to

continue to benefit from ongoing oestrogen receptor blockade.
Options for their ongoing treatment may include continuing
anticoagulation along with tamoxifen or switching to anastro-
zole, an aromatase inhibitor that reduces oestradiol synthesis
and does not appear to carry a thrombosis risk.

Heparin-induced thrombocytopenia
Heparin-induced thrombocytopenia (HIT) is an important
diagnosis because failure to recognize the syndrome carries a
high risk of morbidity and mortality. It is due to development
of antibodies directed against a complex of heparin and platelet
factor 4. It is more commonly seen with unfractionated hep-
arin (UFH) than LMWH and in surgical rather than medi-
cal or obstetric patients. Typically, the platelet count begins
to fall between 5 and 10 days after first exposure to heparin.
In subjects with previous recent exposure it may occur ear-
lier and very occasionally the thrombocytopenia develops after
heparin has been discontinued. The condition may complicate
heparin administered at any dose. In contrast to other drug-
related immune thrombocytopenias, the degree of thrombo-
cytopenia is rarely severe (<20 × 109/L) and bleeding is not a
common feature. There may be systemic symptoms, including
fever and a local reaction at the heparin injection site, such as
erythema or even skin necrosis after subcutaneous administra-
tion. Because of platelet activation there is often new throm-
bosis, and this may manifest before the platelet count reaches
thrombocytopenic levels. When heparin has been administered
to treat arterial disease the new thrombosis is most commonly
arterial, and in treatment of DVT there is usually extension
of the presenting thrombus, often with pulmonary embolism.
Thrombotic stroke, myocardial infarction, visceral ischaemia
and disseminated intravascular coagulation have all been
reported.
Confirmatory laboratory tests are not entirely satisfactory.

Immunoassays for heparin/platelet factor 4 are sensitive, but lack
specificity because a significant proportion of subjects treated
with heparin have positive antibody tests, but neither thrombo-
cytopenia nor thrombosis. In contrast, bioassays are specific, but
high sensitivity is difficult to achieve. Few centres provide a reli-
able bioassay for routine diagnosis.
Themost practical approach to diagnosis outside the intensive

care unit, where thrombocytopenia is common due to the other
causes that may coexist with HIT, is the use of a pretest prob-
ability scoring system based on the timing of onset of throm-
bocytopenia, presence or absence of new thrombosis, presence
or absence of other potential cause of thrombocytopenia, and
the degree of thrombocytopenia (the four Ts score). If the prob-
ability score is high or intermediate, heparin should be stopped
and an alternative non-cross reacting anticoagulant commenced
while further investigation is carried out. An alternative antico-
agulant such as argatroban, danaparoid or fondaparinux must
be administered immediately as the risk of thrombosis persists
for several days after heparin withdrawal. The NOACs have not
been used, but are likely to be effective. Warfarin given alone
is contraindicated as massive thrombosis has been described in
this situation. When a high or intermediate score is combined
with the results of an immunoassay including high-dose heparin
neutralization, this results in improved sensitivity and specificity
for the diagnosis of HIT. The antibody may cross-react with
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low-molecular-weight heparins and they should be avoided. The
pathogenetic antibodies tend to become unmeasurable in the
ensuing few months, but further exposure to heparin should be
avoided in the long term.

Antiphospholipid syndrome

Antiphospholipid syndrome (APS) is an important acquired
thrombophilic condition because it is of high prevalence and
is associated with considerable morbidity and mortality. The
essential features are arterial or venous thrombosis or recurrent
pregnancy loss or placental dysfunction occurring in a subject
in whom laboratory tests for antiphospholipid antibody are per-
sistently positive. Diagnostic criteria have been established in
order to standardize diagnosis for the purposes of clinical stud-
ies (Table 45.2).
DVT, pulmonary embolism and ischaemic stroke are the

principal thrombotic manifestations, but any vessel may be
involved, including the microvasculature, for example renal
thrombotic microangiopathy. A characteristic of APS in an indi-
vidual patient is the tendency to recurrent problems in the
same vascular bed. The full range of clinical features is not

Table 45.2 Diagnostic criteria in APS.

Clinical criteria∗
� Thrombosis: arterial, venous or microvascular thrombosis in
any tissue or organ

Laboratory criteria∗
� Antiphospholipid antibody
� IgG or IgM anticardiolipin antibodies at moderate or high
concentration†; IgG or IgM anti-β2-GPI >99th percentile and/or
� Lupus anticoagulant

Pregnancy complications
� Unexplained death of morphologically normal fetus at or
beyond 10 weeks of gestation
� Three or more unexplained consecutive miscarriages before
10 weeks
� One or more premature births of a morphologically normal
fetus before 34 weeks of gestation due to pre-eclampsia,
eclampsia or severe placental insufficiency

∗There must be at least one clinical and at least one laboratory criterion
present. The laboratory test must be consistently positive on at least two
occasions 12 weeks apart as transient antibodies may occur, for example
in infection. Such antibodies are not usually associated with clinical
events.
†Evidence of the definition of moderate/high concentration. In general,
values of IgG anticardiolipin >40 GPLU are considered to be
moderate-titre antibodies; >99th percentile has been employed also. The
significance of low-titre antibodies is less clear.

necessarily present. For example, women can have severe throm-
botic events without pregnancy complications and those with
pregnancy complications most commonly have no other mani-
festation. In addition to thrombosis and pregnancy failure, addi-
tional clinical and laboratory features are variably present in
APS. These includemild thrombocytopenia and an unusual der-
matological feature, livedo reticularis. Cardiac valvular abnor-
malities occur in up to 30% of patients, but are usually sub-
clinical. Most commonly the mitral or aortic valve is affected,
often with valve thickening or incompetence. However, haemo-
dynamic changes as a consequence of valvular damage are
rare. Exceptionally, the syndrome may manifest as widespread
multiorgan microvascular occlusion, with multiorgan failure,
so-called catastrophic APS.
APS may occur with another chronic systemic autoimmune

disease, usually systemic lupus erythematosus (SLE), when the
term ‘secondary antiphospholipid syndrome’ used to be used. In
primary APS there is no evidence for another relevant underly-
ing condition.

Antiphospholipid antibodies

Antiphospholipid antibodies are a family of antibodies reactive
with proteins that have the property of binding to negatively
charged phospholipids. The most important is β2-glycoprotein
I (β2-GPI), as pathogenic antibodies (i.e. those most strongly
associated with clinical events) are most frequently reactive with
this protein. β2-GPI is amember of the complement control pro-
tein family. It has five domains. It is now known that antiphos-
pholipid antibodies reactive with each of these five domains
may occur, but it is only those that recognize a specific epitope
on domain I that are pathogenic. Others with an affinity for
negatively charged phospholipid have been implicated in the
syndrome, especially anti-annexin V.
The lupus anticoagulant (LA) is an in vitro phenomenon

in which the antiphospholipid antibody slows clot formation,
thereby lengthening the clotting time. This is probably due to
impairment of the assembly of the components of prothrombi-
nase on phospholipid due to interference by the antibody
(Figure 45.1). LA is due to antibodies reactive to β2-
GPI/phospholipid or to prothrombin/phospholipid. The
β2-GPI-dependent antibodies also bind in anticardiolipin
assays, as the glycoprotein is present in test serum and often in
assay reagents. LA due to prothrombin-reactive antibodies may
be negative in anticardiolipin assays. Therefore some subjects
with APS have LA and anticardiolipin, and some LA only.
Others have anticardiolipin without LA, due to the presence
of non-β2-GPI and non-prothrombin-dependent antibody or
possibly to relative insensitivity of the coagulation assays for LA.
Because antiphospholipid antibodies are so heterogeneous, a
comprehensive laboratory approach is essential for their reliable
detection. In most laboratories, coagulation-based assays for LA
and ELISAs employing cardiolipin and β2-GPI are all required
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Figure 45.1 Antiphospholipid antibody binding: explanation for
the lupus anticoagulant phenomenon.

to ensure appropriate diagnosis. The pathogenicity of IgA
anticardiolipin antibodies is disputed and their detection is not
utilized routinely in diagnosis.

Pathogenic mechanisms in APS

The pathogenesis of pregnancy failure and thrombosis in APS is
not fully understood. Animal experiments support a pathogenic
role for antibodies to β2-GPI. Important candidate mecha-
nisms for thrombosis are antibody-induced concentration of
prothrombin on phospholipid surfaces in vivo, resulting in
enhanced thrombin generation, interference with the activated
protein C anticoagulant pathway, and increased monocyte and
endothelial tissue factor expression. Increased platelet activa-
tion and inhibition of fibrinolysis by antiphospholipid anti-
bodies have also been proposed. In relation to pregnancy fail-
ure, again numerous pathogenic mechanisms have been pro-
posed. It is noteworthy that early miscarriage is a common
feature and occurs before full placentation and is attributed
to antiphospholipid antibodies causing inhibition of early tro-
phoblast growth. There is an accumulating body of evidence for
a role of complement activation in pregnancy loss in APS in a
murine model, where heparin is effective in preventing embryo
loss through inhibition of complement rather than via an anti-
coagulant mechanism. This raises the possibility that similar
mechanisms may be relevant to human APS. Placental dysfunc-
tion is the hallmark of second- and third-trimester complica-
tions of intrauterine fetal death, intrauterine growth restriction,
pre-eclampsia and placental abruption. The aetiology of the pla-
cental dysfunction has been related to placental infarction and
an acute atherosis in the maternal spiral arteries, although these
are not universal features. One interesting hypothesis for the
cause of placental insufficiency is displacement of annexin V
from trophoblast by antiphospholipid antibodies, with resultant
acceleration of thrombin generation on the exposed negatively
charged phospholipid.

Laboratory diagnosis of antiphospholipid
antibodies

In diagnosing APS it is essential to consider that antiphospho-
lipid antibodies are not specific to the syndrome. In addition to
transient antibodies, which may, for example, be triggered by
intercurrent infection, some chronic infections are associated
with antiphospholipid antibodies, such as syphilis and hepati-
tis C. Antiphospholipid antibodies may also be detected inci-
dentally in healthy subjects and they occur in relation to use of
some drugs, particularly chlorpromazine. These drug-induced
and infection-related antibodies do not usually appear to be
associated with the clinical thrombotic manifestations of APS.
In some cases they appear to be neither β2-GPI nor prothrom-
bin dependent.
The diagnosis of APS relies on the demonstration of the per-

sistent presence of either LA by coagulation tests or of antiphos-
pholipid antibodies by solid-phase immunoassays for anticardi-
olipin and/or β2-GPI. Reliance on just one type of assay may
lead to false-negative assessment of antiphospholipid antibod-
ies. Overall, among the commonly applied assays, it appears that
those for LA associate most strongly with clinical events. In rela-
tion to solid-phase assays, high-titre antibodies and IgG anti-
bodies associate more strongly with clinical manifestations than
do IgM and lower-titre antibodies.

Coagulation assays (lupus anticoagulant tests)
The LA assay is a double misnomer for it is neither a test for
systemic lupus erythematosus nor for an in vivo anticoagulant.
LA tests are indirect assays that rely on slowing of the clotting
time of plasma through interference by antiphospholipid anti-
bodies. The tests most frequently employed are the activated
partial thromboplastin time (APTT), the dilute Russell’s viper
venom time (DRVVT) and, less frequently now, the kaolin clot-
ting time (KCT).
Platelet activation causes exposure of negatively charged

phospholipid at the cell surface and therefore contamination of
test plasma with platelets must be minimized, as these will limit
the sensitivity of tests, particularly when plasma must be stored
frozen prior to testing. Platelet depletion is achieved most com-
monly by double centrifugation.
None of the above coagulation assays is specific for LA. Speci-

ficity and sensitivity are also reagent dependent. For example,
somepartial thromboplastin reagents are insensitive to LA. If the
same reagent is employed for LA tests as in routine laboratory
screening for coagulopathy, sensitivity to LA must be assured.
Factors that lengthen or shorten clotting times (other than
antiphospholipid antibodies) potentially interfere in LA tests.
Examples are anticoagulant drugs and clotting factor deficien-
cies and inhibitors, which lengthen clotting times, and increased
clotting factor levels, especially FVIII, which shortens the time
to clotting in the APTT, for example, potentially masking the
presence of LA.
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In order to reduce the risks of false interpretation, in addition
to prolongation of clotting time in a phospholipid-dependent
coagulation test, the criteria for LA positivity also include: (i)
evidence of an inhibitor demonstrated by mixing studies and
(ii) confirmation of the phospholipid-dependent nature of the
inhibitor. In principle, laboratory tests should employ a detec-
tion or screening stage (prolongation of the clotting time) and
a confirmation stage showing: (i) failure of correction of the
prolongation when normal plasma is added in order to exclude
factor deficiency as the cause of the prolongation and (ii) that
the prolongation is phospholipid dependent, for example by
showing that addition of excess phospholipid corrects the clot-
ting time. To achieve this, and because no LA test consistently
shows 100% specificity and sensitivity, more than one test sys-
tem should be used for detection of LA. The prothrombin time
and thrombin time should also be performed as they are not usu-
ally affected by the presence of LA and the results assist in the
interpretation of LA tests, for example when there is undisclosed
anticoagulant therapy.
The APTT is commonly employed as the initial screening

test for LA. Its specificity for inhibitor detection is improved
by inclusion of a mixing study with platelet-free normal pooled
plasma. When prolongation of the APTT is due to coagula-
tion factor deficiency, the clotting time corrects when the test
is repeated on an equal mixture of patient and normal plasma,
whereas the prolongation above normal may persist with LA,
consistent with its inhibitory activity. However, correction in
a mixing study does not exclude LA, as a weak antibody is
obviously diluted out by addition of normal plasma and this
may be sufficient to abolish its effect. Very occasionally LA
causes enhancement of the prolongation of the APTTwhen nor-
mal plasma is added. This phenomenon has been called the
lupus cofactor effect, but is the exception rather than the rule.
Inhibitors to clotting factors, usually FVIII, are associated with
bleeding rather than thrombosis, but also cause prolongation of
the clotting times which may not be corrected by addition of
normal plasma. Typically, FVIII inhibitors are time-dependent,
unlike LA. Diagnostic confusion may arise due to LA that pro-
longs the APTT, causing erroneously low results in coagulation
factor assays based on the APTT. A normal APTT is insufficient
to exclude LA and additional tests must be performed.
The DRVVT does not involve the clotting factors of the

extrinsic system, unlike the APTT, nor FVII, unlike the pro-
thrombin time. Any inhibition of coagulant-active phospholipid
in the test by LA results in a prolonged DRVVT. However, as is
the case with all LA tests, it is not specific. Deficiencies of clot-
ting factors, for example FII and FX due to warfarin therapy, will
also prolong the DRVVT. The specificity of the test is improved
by repeating it in the presence of a high concentration of phos-
pholipid, which should result in partial or complete correction of
the prolonged clotting time if it is due to LA. This phospholipid
is conveniently provided as platelet membranes in which nega-
tively charged phospholipid is exposed by freezing and thawing.

In the presence of LA, the ratio of test to normal plasma clotting
time is often in excess of 1.2, and corrects to less than 1.2, or at
least partially, in the platelet neutralization procedure. As with
all coagulation tests, because of variations in reagents and tech-
niques it is essential that laboratories derive local normal ranges
using a large number of plasma samples fromhealthy volunteers.
The LA is unreliable in patients receiving a direct oral anticoag-
ulant with anti Xa activity.
In the KCT no additional phospholipid is employed. The test

therefore resembles the APTT in that it involves the extrinsic
and common pathways of coagulation, but the sensitivity to LA
is enhanced because the small amount of phospholipid present
is only that derived from residual platelets in the test sample and
plasma lipids. The test is affected by clotting factor deficiencies
and anticoagulants, but specificity can be improved by use of
normal plasmamixing at more than one ratio to test plasma. LA
is identified when the KCT fails to correct, even after relatively
large proportions of normal plasma are added, whereas in factor
deficiency the KCT is corrected with small amounts of normal
plasma.
Alternative tests for LA may be employed. They include the

tissue thromboplastin inhibition test and clotting tests that
use venoms other than Russell’s viper venom. An example is
the Taipan venom: this test has been shown to have a strong
positive predictive value in patients receiving warfarin. Many
laboratories rely on commercial assay kits for LA testing. It is
essential that steps are taken to ensure internal and external
quality assurance.

Solid-phase assays (for anticardiolipin and
anti-𝛃2-GPI antibodies)
Solid-phase assays for antiphospholipid antibodies, such as
the anticardiolipin ELISA, allow rapid processing of numerous
serum samples and the results are not affected by factor defi-
ciency or the use of anticoagulants. The introduction of interna-
tional standards allows the calculation of anticardiolipin results
in IgG or IgM antiphospholipid units (GPLU andMPLU, respec-
tively) related to a given concentration of affinity-purified anti-
cardiolipin immunoglobulin. Despite this, there remains a lack
of precision, and comparability between laboratories using dif-
ferent assays is not ensured. Clinicians should be aware of the
performance of the assay in use.
The anticardiolipin assay is not necessarily detecting the same

set of antiphospholipid antibodies seen in positive LA test-
ing, due to the antibody heterogeneity referred to above. Fur-
thermore, the clinical significance of low-titre anticardiolipin is
doubtful. Thus, in cases where the anticardiolipin titre is less
than 30 GPLU and tests for LA are negative, a diagnosis of APS is
inconclusive. Under these circumstances it is important to con-
sider other causes of thrombosis or pregnancy morbidity.
Specific assays for anti-β2-GPI antibodies have been devel-

oped, and several commercial kits are available. Anti-β2-GPI
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antibody assays may show higher precision and better cor-
relation with the thromboembolic complications in APS and
SLE than assays for anticardiolipin, and are less likely to
show transient positive results in association with infection.
Antiprothrombin antibodies generally exhibit poor specificity
for venous thrombosis and recurrent fetal loss, andmay be found
in patients with infection, and are not included in the consensus
criteria for diagnosis of APS.
The prevalence of antiphospholipid antibodies in subjects

with thrombosis varies with selection criteria for testing.
Because the risk of recurrent thrombosis appears to be great,
antiphospholipid antibodies should be sought in subjects with
arterial, venous or microvascular thrombosis where no other
cause is apparent. Examples are younger subjects with ischaemic
stroke in the absence of cardiovascular disease and subjects with
unprovoked VTE.
The prevalence of persistent antiphospholipid antibodies

among women with recurrent first-trimester miscarriage is
around 15%, although a proportion of these are low-titre anti-
bodies. In women with recurrent miscarriage due to APS the
prospective fetal loss rate may be as high as 90%. In con-
trast, the prevalence of positive tests for antiphospholipid anti-
bodies in unselected women of childbearing age is around 3%
and they are not sensitive predictors of poor pregnancy out-
come in women with no history of pregnancy complications.
Because miscarriage is a common phenomenon, screening for
antiphospholipid antibodies is not indicated after a single event.
Maternal antiphospholipid antibodies may be downregulated
during pregnancy, so tests are best performed preconceptually
when possible. A small proportion of women with antiphospho-
lipid antibodies also have anti-Ro antibodies. Their detection is
important as anti-Ro is associated with a 2% risk of complete
heart block in the fetus and a 10% chance of neonatal lupus.

Management of APS

Thrombosis
There is wide variability in severity of prothrombotic states
between individualswithAPS. Themanagement of patientswith
antiphospholipid antibodies and previous thrombosis remains
contentious. Retrospective observational studies suggested that
these patients should remain on indefinite oral anticoagulation,
maintaining an International Normalized Ratio (INR) of 3–4.
However, two subsequent prospective randomized studies both
indicated that a lower target INR of 2–3 is effective in prevent-
ing recurrent thrombosis in the majority of patients. There is
less certainty for those with arterial thrombosis as the number
of patients was smaller; clinical observation suggests that there
is a significant subpopulation of APS with small-vessel throm-
bosis, some evident as lacunar infarcts on magnetic resonance
imaging, who appear to require a target INR of 3–4 to prevent
recurrent cerebral thrombosis.

Immunosuppressive therapy is not indicated in primary
APS other than in the very rare case where thrombosis
recurs despite intensive anticoagulant therapy. Corticosteroids
and other immunomodulatory therapies have been adminis-
tered. An exception may be catastrophic APS when combina-
tion treatment with antithrombotics, corticosteroids and other
immunomodulatory therapies such as rituximab is administered
as a potentially life-saving emergency measure.

Pregnancy
Themanagement of a pregnancy in amother with a poor obstet-
ric history due to APS is based on the use of anticoagulation
with empirical doses of LMWH in combination with low-dose
aspirin. Initial studies indicated that this approach increases the
chance of a successful outcome of a healthy live birth from 30%
to 70–80%, although the total number of cases in randomized
studies is limited and trials have given conflicting results. Nev-
ertheless, LMWH prophylaxis has become standard, although
some clinicians believe that combination antithrombotic ther-
apy as a first line should be reserved for women with a previ-
ous history of placental dysfunction, while those with recurrent
first-trimester-loss miscarriage should be given supporting care
as first line, with aspirin or aspirin/heparin reserved for those
with further pregnancy failure.
Thromboprophylaxis for those with APS and a previous his-

tory of thrombosis is based again on use of LMWH, although
there is no international consensus on dosing or the need to
monitor therapy.

Venous thromboembolism and cancer

The association between cancer and venous thromboembolism
is well established. Thrombotic events rank second only to the
direct effects of cancer as a cause of death in cancer patients
(Table 45.3). In addition to intrinsic biological features of
the primary disease there are other factors, including surgery,
chemotherapy, radiotherapy, hormonal therapies and the use of
indwelling central lines that increase the risk of thrombosis in
this group of patients. The development of venous thromboem-
bolism in the context of malignancy is generally a poor prog-
nostic feature often being indicative of advanced and aggressive
malignancy. Several mechanisms may contribute to the propen-
sity to develop venous thromboembolism in the context of active
cancer; indeed abnormalities in most of the pathways related to
normal haemostasis have been described. However, amongst the
most compelling are the expression of tissue factor and cancer
procoagulant on tumour cells and the prothrombotic proper-
ties of mucins secreted by adenocarcinomas. Of note there is
evidence that tissue factor expression, which may result from
proto-oncogene expression and tumour-suppressor gene inhi-
bition, confers a proangiogenic state, which may enhance the
aggressiveness and invasiveness of cancers. Several tumour types
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Table 45.3 Some pathogenic factors for thrombosis in cancer
patients.

Stasis
� Immobility/surgery

Treatment
� Surgery, chemoradiotherapy and adjuvant therapies

Vessel wall/endothelial perturbation
� Local tumour infiltration
� Central venous catheters

Hypercoagulability
� Infection
� Cytokine-related prothrombotic changes
� Tissue factor/cancer procoagulant expression on tumour cells
� Disseminated intravascular coagulation
� Increased platelet activation
� Tumour mucins
� Altered fibrinolysis

including lung, brain, pancreas, stomach, ovary, renal and lym-
phoma have the strongest reported association with thrombo-
sis development. Whether this is related to the direct effects
of thrombosis or reflects inherent tumour aggressiveness is not
clear. It has also been observed that cancer patients with VTE
have poorer outcomes in terms of the need for hospital admis-
sion, higher rates ofmajor bleeding and higher rates of thrombo-
sis recurrence on anticoagulant therapy, compared with patients
who do not have cancer.
It is now usual practice for the majority of patients with active

cancer who are admitted to hospital in the UK to receive throm-
boprophylaxis during their stay. The role of routine thrombo-
prophylaxis in ambulatory cancer patients receiving chemother-
apy is less clear. A Cochrane review of nine RCTs involving
3538 patients, which compared patients receiving thrombopro-
phylaxis (eight LMWH and one warfarin) with control groups
found a reduction in VTE risk without a significant increased
risk of bleeding. However, the number needed to treat to pre-
vent one episode of thrombosis was 60, suggesting that fur-
ther stratification to identify those individuals at the highest
risk was needed. Risk assessment scores such as that developed
by Khorana, which identified patients with stomach, pancreas,
lung, lymphoma, gynaecologic, bladder and testicular cancer
combined with a platelet count >350 × 109/L, haemoglobin
<100 g/L, leucocyte count >11 × 109/L and a body mass index
of >35 kg/m2 may be helpful.
The management of established venous thromboembolism in

patients with active cancer differs from usual therapy. Three tri-
als have shown that continuous treatment with LMWH at ther-
apeutic doses compares favourably with the use of coumarins.
Guidelines from various societies, including the BCSH and
ISTH now recommend this. The reasons for this difference in
efficacy of LMWH is not clear, but it has been suggested that

better compliance with therapy, lower rates of drug interac-
tions and less interference around times of poor or limited oral
intake (when vitamin K intake is variable) may contribute. The
management of patients with cancer with an ongoing indica-
tion for anticoagulation after 6 months is less clear and a vari-
ety of options, including LMWH, warfarin and NOACs are
used. Although it has been suggested that heparins improve life
expectancy through an anticancer effect, recent data do not sup-
port this suggestion.
Whether to screen patients over 40 years of age who present

with a first unprovoked VTE for a possible underlying cancer
is contentious. In the UK, NICE suggested we should consider
screening with an abdominopelvic CT scan (and amammogram
for women), but a recent randomized trial has shown that rou-
tine screening with CT of the abdomen and pelvis did not pro-
vide a clinically significant benefit. Patients with bilateral DVTs,
recurrences on anticoagulation or very high D-dimers are more
likely to have an undiagnosed cancer.

Thrombotic risk in myeloproliferative
disease (polycythaemia rubra vera and
essential thrombocythaemia) (see also
Chapter 26)

Untreated, polycythaemia vera (PV) affects life expectancy, with
the majority dying of vascular occlusion, which may involve
large vessels or the microvasculature. There is clearly signifi-
cant overlap between PV and essential thrombocythaemia (ET),
and thrombosis may involve both arterial and venous circula-
tion. There does appear to be a predisposition towards throm-
bosis in the cerebral circulation, but events occur elsewhere and
notably involve the splanchnic vessels. A well-described entity is
the development of unprovoked intra-abdominal venous throm-
bosis in individuals who have the JAK-2 V617F mutation with-
out the typical peripheral blood phenotype of MPD.
In PV there is good evidence that the incidence of vascular

occlusion is positively related to the packed cell volume, with the
lowest incidence in patients with good control of haematocrit.
The role of thrombocytosis in risk of thrombosis in PV is con-
troversial. The risk of thrombosis in PV increases with advanc-
ing age, a past history of thrombosis and presence of other risk
factors for thrombosis. Thrombosis risk is reduced by control of
haematocrit and antiplatelet therapy.
The risk of thrombosis in ET is determined by platelet count,

age and the presence of other risk factors for thrombosis. Recent
data indicate an increased risk of thrombosis in patients who
are JAK-2 V617F positive and in those with elevated white cell
counts.
The microvascular events and vasomotor manifestations of

both PV and ET almost certainly relate to quantitative and qual-
itative changes in platelets, for they are not seen in other forms
of polycythaemia or thrombocytosis. It is possible that similar
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small-vessel occlusive and vasomotor changes seen in the feet
and handsmay also occur in other parts of the body. Erythrome-
lalgia, a syndrome consisting of painful burning red extremi-
ties with normal peripheral pulses, is the characteristic vasomo-
tor disturbance. Physical findings may be absent or there may
be warmth, duskiness and mottled erythema of the involved
areas. Livedo reticularis is occasionally found. In the digital
vessels, usually of the toes, but occasionally the fingers, the
development of thrombosis can lead to digital ischaemia and
gangrene. In relation to the cerebral circulation, a range of symp-
toms and signs, including transient cerebral ischaemia, tran-
sientmonocular blindness,migraine, headaches and seizures are
seen. Both the cerebrovascular complications and erythromelal-
gia of myeloproliferative disease may respond promptly to low-
dose aspirin and/or platelet cytoreduction.

Acute promyelocytic leukaemia

In comparison with the severe haemorrhagic presentation in
the majority of cases of acute promyelocytic leukaemia (APL),
acute arterial thrombosis is a rare presenting feature. Thrombo-
sis is associated with the hypogranular variant of APL, which
accounts for 25% of all cases (see Chapters 19 and 20) and has
also been attributed to tissue factor expression on leukaemic
cells. Vascular occlusion is more common when a high white
cell count (>150 × 109/L) predisposes to leucostasis. It is impor-
tant to recognize this variant of APL because the use of all-trans
retinoic acid may increase the risk of thrombosis.

Inflammation and thrombosis

Systemic inflammation is a potent prothrombotic stimulus
(Table 45.4). Inflammation upregulates procoagulant factors,
downregulates physiological anticoagulants, inhibits fibrinolytic

Table 45.4 Effects of inflammation on haemostasis.

Increased
� Tissue factor expression
� Surface procoagulant activity, negatively charged phospholipid
� Platelet reactivity
� Levels of fibrinogen and other coagulation proteins

Decreased
� Thrombomodulin expression
� Endothelial cell protein C receptor
� Half-life of activated protein C
� Protein Z
� Fibrinolytic activity due to increased PAI-1
� Endothelial gylcosaminoglycans
� Plasminogen activator inhibitor

activity and increases the platelet count. Inflammatory medi-
ators further promote coagulation by causing endothelial cell
activation. Thrombin, a key enzyme in coagulation, also has
cytokine-like activities, for it augments leucocyte adhesion and
can activate endothelium, leucocytes and platelets. Thrombin-
mediated signalling through protease-activated receptor (PAR)-
1 on vascular cells leads to recruitment of inflammatory cells
includingmonocytes. This increases the expression of negatively
charged phospholipids, such as phosphatidylserine, on the sur-
face of the cells, promoting surface procoagulant activity.
The interleukin (IL)-6 family of molecules mediate the acute-

phase response. The protein C anticoagulant pathway appears
to be highly influenced by inflammation. Thrombomodulin and
endothelial cell protein C receptor are both downregulated by
inflammatory cytokines. There is inhibition of the promoter
of the thrombomodulin gene, as well as active pinocytosis to
remove existing surface molecules, while neutrophil elastase
readily cleaves thrombomodulin from the endothelial cell sur-
face. Moreover, thrombomodulin is very sensitive to oxidation
of exposed methionine by oxidants produced by leucocytes.
Endothelial cell activation causes multiple prothrombotic

changes, including downregulation of fibrinolysis by increased
production of plasminogen activator inhibitor (PAI)-1.
As a consequence of these changes, conditions that provoke

an inflammatory response are associated with increased risk
of venous thrombosis. These include inflammatory bowel dis-
ease, Behçet disease, systemic tuberculosis, SLE and diabetes.
Atherosclerosis can be considered a chronic inflammatory state
and has recently been associated with an increased incidence of
venous thrombosis and, more recently, the metabolic syndrome
has been implicated. Furthermore, epidemiological studies indi-
cate an excess of minor illness, including infections, in the weeks
preceding episodes of VTE. The association between inflamma-
tion and thrombosis emphasizes the need for thromboprophy-
laxis in patients hospitalized on medical wards.

Haematological prothrombotic states due
to non-malignant diseases of the blood
and bone marrow

Paroxysmal nocturnal haemoglobinuria (see
Chapter 11)

Venous thrombosis occurs in up to 40%of patientswith paroxys-
mal nocturnal haemoglobinuria (PNH) and represents a signif-
icant cause of morbidity and mortality. It may be the presenting
feature or may predate the diagnosis. Thrombosis occurs at all
sites, but there is an excess of events in the hepatic and portal
veins, elsewhere in the splanchnic circulation and in the cere-
bral veins. Occasionally, painful discoloured skin lesions occur
when the dermal veins are affected. These lesions rarely ulcer-
ate. Occasionally, skin lesions can resemble purpura fulminans;
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these can affect large areas of skin with necrosis and demarca-
tion. PNH in pregnancy is associated with an increased risk of
fetal loss (40%) as a result of thrombosis and haemorrhage.
Thrombosis at presentation is associated with a poorer prog-

nosis with a 40% 4-year survival rate. The occurrence of throm-
bosis in patients with PNH is associated with a relative risk of
death of up to 15-fold.
The pathogenesis of thrombosis in PNH remains uncertain.

The effect of the PNH clone size is not entirely clear and
although thrombosis has been linked to larger clone size, throm-
bosis is also markedly increased in patients with much smaller
clones. Platelet activation is likely to be one of the main causes
of thrombosis in this condition. Although platelets are capable
of compensating for the decreased expression of decay accelerat-
ing factor (CD55) the absence of membrane inhibitor of reactive
lysis (MIRL, CD59) renders them susceptible to complement-
mediated lysis. Resultant platelet vesicles or micro particles are
very procoagulant. The externalized phosphatidyl serine acts as
a binding site for prothrombinase and tenase complexes. Fib-
rinolysis is also affected in PNH. Urokinase-type plasminogen
activator receptor is also aGPI-boundprotein that is absent from
PNH cells. It binds urokinase to the cell surface and converts
plasminogen to plasmin. As discussed in Chapter 11 the inhibi-
tion of complement (C5a) by eculizumab has a profound effect
on thrombosis in PNH.

Thrombotic thrombocytopenic purpura

See Chapter 43.

Sickle cell disease (see Chapter 7)

In sickle cell disease there is microvascular and macrovascu-
lar occlusion with sickled cells, with resultant thrombosis dis-
tal to the sickling. Additional evidence for a prothrombotic state
is enhanced thrombin generation, as shown by increased lev-
els of prothrombin fragment 1+2 and thrombin–antithrombin
complexes, in patients with sickle cell disease in their steady
state when compared with age-matched controls. There is evi-

dence that sickled erythrocytes adhere more readily to vascular
endothelium and strongly accelerate coagulation due to abnor-
mal exteriorization of procoagulant anionic membrane phos-
pholipids. Comparison of the coagulation and fibrinolytic path-
ways in sickle cell patients with ethnically matched controls has
shown increased levels of vonWillebrand factor during sickling,
although it is not clear whether this is specific or part of the
acute-phase reaction.
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Heparins

Unfractionated heparin (UFH) is a naturally occurring gly-
cosaminoglycan produced by mast cells. Most of the heparin
used worldwide is extracted from porcine intestine. Heparin
consists of saccharide chains of alternating uronic acid and glu-
cosamine residues with varying degrees of sulfation. The long
chains of UFH have a mean molecular weight of approximately
15,000. For most clinical indications there has been a move
from UFH to low-molecular-weight heparin (LMWH). LMWH
is manufactured from UFH by controlled depolymerization of
the chains using chemical (nitrous acid or alkaline hydrolysis) or
enzymatic (heparinase) methods. The LMWHs currently avail-
able for clinical use, dalteprin, enoxaparin and tinzaparin, have
a mean molecular weight between 3000 and 5000.
The ability ofUFHand LMWHchains to act as anticoagulants

depends on the presence of a specific pentasaccharide sequence,
which binds with high affinity to antithrombin and produces
a conformational change that releases the reactive centre loop
(RCL), greatly potentiating its activity (see Chapter 44). This
conformational change makes antithrombin a potent inhibitor
of FXa. Potentiation of thrombin inhibition by the RCL also
needs the heparin chain to bind to exosite II on thrombin, and
this requires aminimum total chain length of 18 saccharides. For
this reason, relative to UFH, LMWH inhibits FXa more than IIa
(Figure 46.1).
Fondaparinux is a synthetic pentasaccharide and is not an

animal product. The pentasaccharide results in antithrombin
inhibiting Xa but not IIa.
Heparins are only active when administered parenterally.

UFH can be given intravenously or subcutaneously, but is

usually given by continuous intravenous infusion. Metabolism
is by a saturable mechanism, involving binding to endothelial
cells and clearance by the reticuloendothelial system, and a non-
saturable mechanism involving mainly renal clearance and, at
typical therapeutic doses, the half-life of intravenous UFH is
45–60 min. There is no evidence that heparin crosses the pla-
centa. The APTT is used for routine monitoring of therapeutic
doses of UFH and in the early studies a therapeutic range of an
APTT ratio of 1.5–2.5 was established, which corresponded to a
heparin level of 0.2 to 0.4 IU/mL by protamine titration or 0.3
to 0.7 IU/mL by anti-Xa assay. However, APTT methods vary
markedly in their responsiveness to UFH so local calibration of
the APTT assay should be employed in the construction of the
local therapeutic range. Directly monitoring using an anti-Xa
assay has some theoretical advantages being insensitive to base-
line levels of FVIII and other clotting factors and the presence of
lupus anticoagulant, and has greater precision. An inadequate
APTT response in the first 24 hours may increase the risk of
recurrence of thromboembolism, although this does not seem
to be critical if the starting infusion rate is at least 1250 IU/h.
A validated regimen is to give a bolus dose of 80 IU/kg and to
start the infusion at 18 IU/kg/h, performing the first APTT/anti-
Xa estimate, and if necessary dose adjustment, within 6 hour. If
bleeding occurs, stopping an UFH infusion and general haemo-
static measures are often sufficient. If required, protamine sul-
fate (1 mg per 80–100 units UFH) will reverse UFH; it should be
given slower than 5 mg/minute and a maximum dose of 50 mg
protamine is usually sufficient.
Inhibition of aldosterone secretion by heparin can result in

hyperkalaemia; patients with diabetes mellitus, chronic renal
failure, acidosis, raised plasma potassium or those taking
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Figure 46.1 Inhibitors of coagulation. AT, antithrombin; UFH,
unfractionated heparin; LMWH, low-molecular-weight-heparin.

potassium-sparing drugs seem to be more susceptible. A slight
fall in platelet count (<30% compared with baseline) occurs in
up to one-third of patients within the first four days of start-
ing heparin. This reversible dose-dependent phenomenon is not
associated with bleeding or thrombotic complications and does
not require cessation of heparin. More marked falls in platelet
count (>50% compared with baseline) after 5 days of treatment
should raise the possibility of heparin-induced thrombocytope-
nia (HIT) (see Chapter 45). Prolonged use of UFH for months
can lead to osteoporosis by increasing osteoclast activity and
reducing osteoblast numbers.
LMWH has better bioavailability after subcutaneous injec-

tion and the anticoagulant effect is more predictable due to less
binding to plasma proteins. This means that the dose can be
calculated by body weight and be given subcutaneously with-
out any monitoring or dose adjustment. Despite a half-life of
3–5 hours, once daily dosing is adequate for the treatment
and prevention of venous thromboembolism (VTE). The actual
dosage used differs slightly with the different LMWH and the
manufacturers’ recommendations should be followed, but a typ-
ical dose is 200 IU/kg subcutaneously once a day. Monitoring
is rarely needed, but at therapeutic doses on a once a day reg-
imen peak levels (3–4 hours post dose) are approximately 1.0–
1.5 anti-Xa units/mL (measured by chromogenic assay). If bleed-
ing occurs protamine sulfate can be given, but is likely to be less
effective than for UFH. HIT and osteoporosis are less common
with LMWH than with UFH.
Fondaparinux is given as a once a day subcutaneous injection

and has a half-life of 17 hours. Clearance is exclusively renal, so
dose adjustment in renal failure is required and it is not recom-
mended in those with a creatinine clearance below 30 mL/min.
Fondaparinux does not bind to platelet factor 4, so has no capac-
ity to cause HIT.

Danaparoid

Danaparoid is a heparinoid composed of heparan sulfate, der-
matan sulfate and chondroitin sulfate. It is mainly used in
patients with HIT. It indirectly inhibits Xa and to a lesser degree
thrombin. It has a predictable dose response and a long half-life
of approximately 24 hours. Danaparoid does not prolong the PT
and has a minimal effect on the APTT which cannot be used
to monitor it. If monitoring is required, a specific anti-Xa assay
calibrated for danaparoid should be used. Monitoring may be of
value only in patients with severe renal impairment and body
weight greater than 90 kg.

Direct thrombin inhibitors

Bivalirudin

Bivalirudin is a recombinant peptide which directly inhibits
thrombin. Bivalirudin is cleared predominantly through prote-
olysis by thrombin (80%) and only 20% is excreted renally. The
half-life is approximately 25 minutes and it is given by continu-
ous intravenous infusion and normally monitored by the APTT.
It is licensed for acute coronary syndrome patients undergoing
percutaneous coronary intervention.

Argatroban

Argatroban is a reversible direct thrombin inhibitor. It is rapidly
eliminated by hepatic cytochrome P450 and has a plasma half-
life of approximately 50 minutes. It is licensed for anticoagula-
tion in patients with heparin-induced thrombocytopenia and is
very useful in those who also have renal impairment due to its
hepaticmetabolism. It is given as a continuous intravenous infu-
sion monitored by the APTT.

Vitamin K antagonists (VKA)

Vitamin K is needed for the post-translational modification
of the vitamin-K-dependant coagulation factors (II, VII,
IX, X, protein C and protein S). Vitamin K is a cofactor for
vitamin-K-dependent carboxylase, an enzyme that catalyses
the carboxylation of glutamic acid (Glu) residues in these
proteins, forming their Gla-domains (Chapter 36). The Gla
domains of the vitamin-K-dependent coagulant and anticoag-
ulant proteins allow calcium-dependent binding to negatively
charged phospholipids which is necessary for the formation
of coagulation complexes. Vitamin K antagonists, such as
warfarin, acenocoumarol, phenindione, fluindione and phen-
procoumon therefore inhibit synthesis of normal FII, FVII, FIX
and FX and so result in anticoagulation. There are a number
of common genetic polymorphisms of the CYP2C9 enzyme
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Table 46.1 Many drugs interact with
warfarin; some important interactions,
where the evidence is strongest, are listed.

Potentiation Inhibition

Amiodarone
Cimetidine
Clarithromycin
Clofibrate
Cotrimoxazole
Erythromycin
Fluconazole
Glucosamine
Metronidazole
Miconazole
Omeprazole
Paracetamol
Statins
Sulfinpyrazone

Barbiturates
Carbamazepine
Griseofulvin
Rifampicin
Sucralfate

primarily responsible for warfarin metabolism. The most
common polymorphisms, CYP2C9∗2 and CYP2C9∗3, are each
seen in around 10% of whites, and are associated with a reduced
warfarin requirement. There is, however, insufficient evidence
to warrant genotype-guided dosing. Although it has been shown
that genetic testing can predict the maintenance dose, for initi-
ation, information from previous dosing rapidly becomes more
important and response to a standard dosing algorithm can
accurately predict maintenance dose without genotyping. The
anticoagulant effect is also affected by dietary vitamin K intake
and warfarin and has many drug interactions (Table 46.1). Due
to these environmental and genetic factors the anticoagulant
effect varies between individuals and over time and needs to be
monitored by the International Normalized Ratio (INR). This
is a manipulation of the prothrombin time (PT) to allow for
the different sensitivities of various laboratory reagents to the
warfarin-induced coagulopathy. The INR equals (PT/MNPT)ISI,
where MNPT is the (geometric) mean normal PT and ISI is
the international sensitivity index of the thromboplastin used
in the assay. For the treatment of deep vein thrombosis (DVT)
and pulmonary embolism (PE), and stroke prevention in atrial
fibrillation (AF) the target INR should be 2.5 (target range
2.0–3.0). A higher target INR is used for some mechanical heart
valves (MHV).
VKAs take a number of days to become effective, so if imme-

diate anticoagulation is needed, heparin is given initially. For
warfarin induction there is no clear advantage for 10mg or 5mg
loading doses other than in the elderly, where lower initiation
doses or age-adjusted doses may bemore appropriate, leading to
fewer high INRs. The dosing algorithm used in Oxford is shown
in Table 46.2

Table 46.2 A warfarin dosing algorithm starting with 5 mg doses.

Day 3 Day 4

Days 1 and 2 INR
Dose
(mg) INR

Dose
(mg)

Give 5 mg each day if
baseline INR ≤ 1.3

<1.5
1.5–2.0
2.1–2.5
2.6-3.0
>3.0

10
5
3
1
0

<1.6
1.6–1.7
1.8–1.9
2.0–2.3
2.4–2.7
2.8–3.0
3.1–3.5
3.6–4.0
>4.0

10
7
6
5
4
3
2
1
0

When a VKA is started, the vitamin-K-dependent factors fall
according to their half-lives. Factor VII and protein C have the
shortest half-lives, so that despite a prolongation of the INR
due to factor VII deficiency, warfarin may initially be procoagu-
lant. This is the mechanism for the rare problem of warfarin-
induced skin necrosis, most often described in those with
protein C deficiency. Other rare side-effects of vitamin K antag-
onists are purple toe syndrome, rash, hair loss and hepatitis. The
purple toe syndrome is a very painful, burning, dark-blue discol-
oration of the toes and sides of the feet, it is hypothesized that this
is possibly due to cholesterol embolization from atherosclerotic
plaques that have become friable owing to reduced fibrin depo-
sition or haemorrhage into the plaques several weeks after initi-
ation of anticoagulation. Vitamin K antagonists also have a ter-
atogenic effect, with skeletal malformations, optic atrophy and
mental impairment, occurring in a small percentage of babies of
exposed mothers.
For some invasive procedures such as joint injections,

cataracts and certain endoscopic procedures, warfarin does not
need to be stopped. If anticoagulation has to be stopped for
surgery or an invasive procedure, it should be stopped for 5
days beforehand. Consideration then needs to be given to which
patients require ‘bridging’ therapy with an alternative short-
acting anticoagulant (usually LMWH). Patients with a VTE
within the previous 3 months, patients with AF with a history of
previous stroke or transient ischaemic attack (TIA) or multiple
other risk factors, and patients with a mitral mechanical heart
valve should be considered for bridging therapy, though a recent
study has suggested that bridging is not beneficial even in AF
patients with a history of previous stroke or TIA (Table 46.3).
Warfarin can be resumed, at the normal maintenance dose,
the evening of surgery or the next day if there is adequate
haemostasis.
Emergency anticoagulation reversal in patients with major

bleeding should be with 25–50 U/kg four-factor prothrombin
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Table 46.3 Risk stratification for bridging therapy when warfarin
is stopped for an invasive procedure.

Bridging with treatment
dose heparin not
required

Bridgingwith treatment
dose heparin
considered

VTE Last episode >3 months
ago

Last episode within
previous 3 months

AF AF with no prior stroke/
TIA and without
multiple other risk
factors

AF and previous stroke/
TIA∗ or multiple other
risk factors

MHV Bileaflet aortic MHV
with no other risk
factors

Mitral MHV
Non-bileaflet aortic MHV
Bileaflet aortic MHV with
other risk factors

∗A recent study has suggested that bridging is not beneficial even in
those with a history of previous stroke/TIA.
AF, arterial fibrillation; MHV, mechanical heart valves; VTE, venous
thromboembolism.

complex concentrate (PCC) and 5 mg intravenous vitamin K.
Anticoagulation reversal for non-major bleeding should be with
1–3mg intravenous vitaminK, whilst patients with an INR>8.0,
but who are not bleeding can receive 1–5 mg of oral vitamin K.

Non-vitamin K antagonist oral
anticoagulants (NOACs)

Small molecules that selectively and specifically inhibit coag-
ulation serine proteases have been developed for clinical use
(Table 46.4). NOACs are more convenient than oral vitamin K
antagonists (VKA) and are at least as safe and effective as war-
farin. In some patients they will be superior or safer than VKA,
but for the majority of patients with good anticoagulant con-
trol with VKAs the advantages of the new agents are primarily
convenience and few drug interactions. Originally called new or
novel oral anticoagulants (NOACs) they are now neither new
nor novel. Consequently some experts have termed these drugs
direct oral anticoagulants (DOACs), whilst others have retained
the acronym NOAC with N representing ‘Non-VKA’; we will
adopt this latter approach.
Ximelegatran, a prodrug of melagatran, was the first oral

direct inhibitor of thrombin and was an effective antithrombotic
drug. However, liver toxicity with long-term dosing resulted in
a failed approval and withdrawal of the drug. Currently NOACs
are either inhibitors of thrombin (dabigatran) or inhibitors of Xa
(rivaroxaban, apixaban, edoxaban) (Figure 46.1). All anticoagu-
lant drugs inhibit coagulation by reducing thrombin generation,
blocking thrombin activity, or both. The results of studies with

thrombin and FXa inhibitors do not indicate that one target is
better than the other. Direct comparisons could determine dif-
ferences in efficacy and safety between NOACs, but are unlikely
to be performed. Indirect comparisons between trials are prob-
lematic because of confounding due to differences in patients,
interventions and outcomes, and as yet there is no convincing
evidence that any particular NOAC is more effective or safer.
NOACs are prescribed at fixed dose without the need for

monitoring or dose adjustment. A rapid onset of action and
short half-life make initiation and interruption of anticoagula-
tion considerably easier than with VKAs (Table 46.5). Specific
antidotes to NOACs are not yet available for clinical use, but are
in development as rapid reversal agents and will soon be avail-
able. As with all anticoagulants produced so far there is a corre-
lation between intensity of anticoagulation and bleeding. Con-
sequently, the need to consider the balance of benefit and risk
in each individual patient is no less important than with VKA
therapy.
NOACs offer an improvement over VKAs by virtue of:

� predictable dose responses and so no need for routine moni-
toring
� no food interactions
� limited drug interactions.
Safety and efficacy of NOACs was originally demonstrated in

patients undergoing elective hip and knee replacement surgery
as the endpoint (radiographically detectable venous thrombosis)
occurs frequently within 14 days of surgery and therefore effi-
cacy is demonstrable quickly in relatively small studies. Much
larger studies conducted over several years were required to
demonstrate efficacy in comparison to warfarin for stroke pre-
vention in patients with atrial fibrillation and for treatment and
secondary prevention of venous thromboembolism.
Poor compliance with VKAs is not necessarily an indication

to switch to a NOAC, as the combination of short half-life and
lack ofmonitoringwithNOACsmaymake the balance of benefit
and risk unfavourable in patients with poor compliance. How-
ever, a NOACmay be preferred if instability or low therapeutic-
time-in-range (TTR) with a VKA is due to drug interactions.
NOACs are not associated with heparin-induced thrombocy-
topenia (HIT), although they have not been investigated as a
treatment option in patients who develop HIT, with or without
associated thrombosis.
In clinical trials in patients with venous thromboembolism

5% to 7% of patients had cancer and NOACs were as effective
as warfarin. However, in patients with solid tumours, treatment
with VKA is inferior to therapeutic-dose low-molecular-weight
heparin (LMWH) and so LMWHs remain the preferred treat-
ment option in patients with cancer and thrombosis. A decision
to use a NOAC can be made on an individual basis taking into
account ease of use and quality of life.
All NOACs are excreted to a variable degree by the kidneys

(Table 46.4). Dabigatran is contraindicated when the creatinine
clearance is less than 30 mL/min but anti-Xa inhibitors can be
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Table 46.5 Suggested times for stopping NOACs prior to elective
surgery based on t1/2 and renal function and suggested doses for
restarting. Re-introduction should be delayed due to fast onset of
anticoagulation and achievement of therapeutic anticoagulation
within 4 hours of first therapeutic dose. Longer periods should be
considered in elderly patients. Low-dose LMWH or prophylactic
dose of NOAC may be considered for thromboprophylaxis when
therapeutic dose NOAC is interrupted.

NOAC
Major
surgery

Minor
surgery

Dabigatran (CrCl >80 mL/min) 48 24
Dabigatran (CrCl 50–80 mL/min) 72 48
Rivaroxaban 48 24
Apixaban 48 24
Edoxaban 48 24

used, albeit at reduced dose, with a creatinine clearance down
to 15 mL/min. Therefore, when there is moderate renal impair-
ment a factor Xa inhibitor may be preferable. The estimated
glomerular filtration rate (eGFR) may over-estimate renal func-
tion and so it is preferable to calculate the creatinine clearance
when the eGFR is less than 50 mL/min. There is no liver toxicity
associated with NOACs and they can be prescribed as long as
there is no coagulopathy.
NOACs should not be prescribed in pregnancy or during

breast-feeding andwomen of childbearing age should bewarned
of this before starting treatment.
NOACs should not be used for anticoagulation in patients

with mechanical heart valve prostheses. Dabigatran has been
compared to warfarin in one trial and despite being used at
higher doses than those used in patients with atrial fibrillation it
was not as effective as warfarin at preventing thromboembolism.
As a result of the higher doses the incidence of major bleed-
ing was more than doubled. The relative effectiveness of anti-Xa
inhibitors in patients with mechanical heart valves is currently
unknown.
Clinically significant interactionsmay occurwithNOACs and

drugs that affect P-glycoprotein (P-gp) and CYP3A4. The only
drugs that interact with dabigatran are inhibitors or inducers of
P-gp. CYP3A4 has almost no role in the metabolism of dabi-
gatran, whereas it is involved in the metabolism of the factor
Xa inhibitors. Unlike VKAs, NOACs are not metabolized by
CYP2C9. Drugs that inhibit P-gp include:
� Azoleantimycotics – ketoconazole, itraconazole, voriconazol,
posaconazole
� Immunosuppresants – ciclosporin, tacrolimus
� Amiodarone, verapamil, quinidine
� Rifampicin
� Antiepileptics – carbamazepine, phenytoin
� St John’s wort.

Pharmacokinetics of factor Xa inhibitors are affected by drugs
that affect P-gp and/or CYP3A4. CYP3A4 is responsible for
oxidative metabolism of Xa inhibitors and drugs that act both as
strong inhibitors of both CYP3A4 and of P-gp have been shown
to increase plasma concentrations. These drugs include azole
antimycotics and viral protease inhibitors used for treatment of
HIV and hepatitis C. Coadministration of strong inducers of
P-gp, such as phenytoin, carbamazepine, phenobarbitone and
St. John’s wort should be avoided.

Dabigatran

Dabigatran etexilate is an oral prodrug that is hydrolysed by car-
boxyl esterases to the active compound dabigatran after absorp-
tion. It is a direct specific competitive inhibitor of free and fibrin-
bound thrombin which binds to the active site of thrombin with
high affinity. Peak plasma levels are reached 2 to 3 hours after
ingestion, although this may be delayed for up to 6 hours after
the first postoperative dose. Renal excretion accounts for 80%
of dabigatran clearance. With a creatinine clearance (CrCl) of
80 mL/min, the half-life is 13 hours and it increases to 27 hours
when the CrCl is below 30 mL/min. Severe renal insufficiency,
defined by a CrCl less than 30 mL/min, is a contraindica-
tion to dabigatran. Concomitant use of antiplatelet agents such
as aspirin or clopidogrel should only take place after careful
consideration of the risks and benefits and non-steroidal anti-
inflammatory drugs should be avoided, as bleeding rates are 50%
higher in patients receiving antiplatelet drugs with dabigatran.
Dyspepsia occurs in 10% of patients, which may be due to tar-
taric acid in the capsule formulation.
The recommended dose is 150 mg bd with a dose reduction

to 110 mg bd in patients over the age of 80 and those taking
concomitant verapamil. In those with a CrCl of between 30 and
50 mL/min, a dose reduction should be considered. The lower
dose can also be used when it is thought that the balance of
thromboembolism and bleeding risk is shifted towards bleeding.
It is recommended that the CrCl is calculated or the glomerular
filtration rate is estimated (eGFR) before starting treatment and
this is repeated at least annually or if there is a suspected deteri-
oration in renal function.
Food has no significant effect on absorption of dabigatran

etexilate. The capsules should not be opened as this increases
absorption unpredictably by up to 75% and this can lead to high
dabigatran levels. Only blister packs should be used, as the for-
mulation loses potency after exposure and capsules should be
discarded after 60 days of exposure.

Rivaroxaban

Rivaroxaban is a direct competitive inhibitor of factor Xa and so
limits thrombin generation. It binds to the active site of factor Xa
with high affinity. Absorption of drug is rapid with peak levels 2
to 3 hours after ingestion. Two-thirds of the drug is metabolized
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in the liver with only one-third excreted by the kidneys. Food
increases the absorption of rivaroxaban and it is recommended
that the capsules should be taken with food. Due to a ceiling
effect on absorption no increase in plasma levels are found with
doses of rivaroxaban above 50 mg.
The recommended dose in patients with atrial fibrillation is

20 mg once daily, and for treatment of acute venous thrombosis
15 mg twice daily for three weeks followed by 20 mg once daily.
No dose adjustment is required in the elderly. However, a dose
reduction from 20 mg once daily to 15 mg once daily is recom-
mended for patients with atrial fibrillation and a CrCl between
15 and 30 mL/min. Rivaroxaban is not recommended when the
CrCl is less than 15 mL/min.

Apixaban

Apixaban is a direct competitive inhibitor of factor Xa. Apixaban
is rapidly absorbed with maximum concentrations 3 to 4 hours
after intake. Food does not affect absorption of apixaban. The
initial treatment dose for patients with VTE is 10 mg bd for
7 days followed by 5 mg bd for at least three months. For those
requiring long-term anticoagulation (>6months) for secondary
prevention of VTE the dose is reduced to 2.5 mg bd. The treat-
ment dose for AF is 5 mg bd, reduced to 2.5 mg bd in patients
with a CrCl of less than 30 mL/min or with two of the following:
� age 80 years or greater
� body weight 60 kg or less
� serum creatinine of 133 μmol/L or more.
Apixaban is not recommended in patients with a CrCl of

15 mL/min or less.

Edoxaban

Edoxaban is another factor Xa inhibitor which has completed
Phase III trials in patients with atrial fibrillation and venous
thromboembolism.

Measurement of anticoagulant effect of
NOACs

In most circumstances, NOACs have predictable bioavailability
and pharmacokinetic and pharmacodynamic profiles. However,
there will be clinical circumstances when assessment of the anti-
coagulant effect of these drugs may be required, such as:
� before surgery or invasive procedure when a patient has taken
a drug in the previous 24 hours (or longer if CrCl <50 mL/min
on dabigatran)
� when a patient is bleeding
� when a patient has taken an overdose
� when a patient has developed renal failure or in patients with
deteriorating renal function
� establishing the optimal dose in patients taking other drugs
that are known to significantly affect pharmacokinetics

� establishing the optimal dose in patients at extremes of body
weight
� when a patient has thrombosis on treatment to assess whether
there is failure of therapy or lack of adherence (this may have
limited application due to the short half-lives of NOACs in com-
parison to VKAs).
Ideally a quantitative assay should be used tomeasure the level

of drug. For Xa inhibitors this will generally be with a calibrated
anti-Xa assay. For thrombin inhibitors a modified dilute plasma
thrombin time such as the Hemoclot® assay can be used. The
Ecarin clotting time (ECT) can also be used.
The result of a qualitative test such as the prothrombin time

(PT) or activated partial thromboplastin time (APTT) can indi-
cate whether anticoagulation is approximately supratherapeutic,
therapeutic or subtherapeutic, but cannot be used to determine
the plasma concentration of the drug. Laboratories should be
aware of the sensitivity of their own assays to each drug. This
can be achieved by comparing the PT and APTT results for each
NOACagainst themeasured level in a quantitative assay. If quan-
titative assays are not readily available, plasma samples on which
the PT and APTT have been measured can be sent to a special-
ist coagulation laboratory using quantitative assays. The APTT
using most reagents can be used for urgent determination of
the relative intensity of anticoagulation due to dabigatran. The
APTT cannot be used to determine the drug level. A normal
thrombin time indicates a very low level of dabigatran. With an
appropriate reagent the PT (orAPTTwith some reagents) can be
used for the urgent determination of the relative intensity of anti-
coagulation due to rivaroxaban. It cannot be used to determine
the drug level. PT and APTT reagents are generally insensitive
to apixaban.
The interpretation of all test results is dependent on when

the last dose of drug was taken, the dose, the anticipated half-
life and factors that influence pharmacokinetics. It is likely that
coagulation tests will be performed on patients taking anticoag-
ulants as part of clinical assessment, e.g. admission to Accident
and Emergency. The prothrombin time (PT), activated partial
thromboplastin time (APTT), thrombin time (TT) and fibrino-
gen can be affected, and recognition of this is required for inter-
pretation of results. NOACs do not interfere with the D-dimer
assay, but D-dimer levels are lower in patients treated with anti-
coagulant drugs. Patients taking NOACs may have a prolonged
APTT and/or PT (and a low fibrinogen with dabigatran with
some reagents) and the results might wrongly be interpreted as
suggesting disseminated intravascular coagulation (DIC). How-
ever, NOACs do not cause thrombocytopenia and the D-dimer
level is likely to be low.

Interruption of anticoagulant treatment and
switching with other anticoagulant drugs

Surgery may require interruption of anticoagulant therapy. Ide-
ally spinal and epidural anaesthesia should not be performed
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until no anticoagulant effect is detectable by a quantitative assay.
In patients taking dabigatran, the standard thrombin time is
very sensitive and if the thrombin time is normal dabigatran
will likely be undetectable in a quantitative assay. After removal
of an epidural catheter there should be an interval of 2 hours
before the next dose of an NOAC. NOACs should be stopped
24 to 48 hours before surgery, depending on renal function (and
so half-life) and whether the surgery carries a low or high risk
of major bleeding. As NOACs have a rapid onset of anticoagula-
tion, re-introduction at full dose after surgery should be delayed,
for example for 48–72 hours, and then a lower dose or pro-
phylactic LMWH can be considered, if haemostasis has been
secured.
In case of suspected NOAC overdose, the anticoagulant effect

should bemeasured.Oral activated charcoalmay reduce absorp-
tion of NOACs if given in the first few hours after ingestion. As
protein binding is low, dabigatran can be dialysed. This may be
applicable when there is severe renal failure as the greatly pro-
longed half-life in the presence of renal failure can result in con-
tinued anticoagulation for several days.
When switching from an LMWH to an NOAC, the new drug

can be started instead of the LMWH when the next dose is
due. Likewise, when switching from an NOAC to subcutaneous
LMWH, the latter can be started instead of the NOAC when the
next dose is due.
When switching from a VKA to an NOAC the VKA should

be stopped and the NOAC started when the INR is <2.0 or
2.5. When switching from an NOAC to a VKA the duration of
drug overlap will be determined by the starting dose of VKA
(loading or knownmaintenance dose). Measurement of the INR
before the next dose of NAOC (i.e. at trough levels) can be
used to indicate when the warfarin can be stopped (when the
INR >2.0).

Management of bleeding patients treated
with NOACs

The management of patients who are bleeding whilst taking
NOACs is influenced by the severity of bleeding. The time of
the last dose of NOAC should be determined and the half-life
should be estimated frommeasurement of serum creatinine and
calculation of the CrCl. The anticoagulant activity of the NOAC
should be determined by the most appropriate laboratory assay.
When bleeding is not severe it may only be necessary to stop
the drug temporarily and determine the cause of bleeding and
the material contribution, if any, of the NOAC. For more severe
bleeding, treatment may include:
� mechanical compression (e.g. for epistaxis or superficial
wounds)
� surgical haemostasis (sutures and cautery)
� fluid replacement
� correction of anaemia by transfusion of red cells

� correction of additional coagulopathy (e.g. dilutional coag-
ulopathy) with platelet transfusion and appropriate blood
products.
Fresh frozen plasma (FFP) does not reverse the anticoagu-

lant effect of NOACs. The effect of desmopressin and tranex-
amic acid on bleeding due to NOACs is not known, but a gen-
eral haemostatic effect independent of thrombin or factor Xa
might be beneficial, and given its effect in traumatic bleeding the
use of tranexamic acid is reasonable. The effect of prothrombin
complex concentrate (PCC), activated PCC (aPCC) and recom-
binant factor VIIa (rVIIa) have not been studied in clinical trials
in human patients with bleeding. Notably, prolongation of clot-
ting times such as the PT and APTT due to anti-Xa inhibition
can be partially reversed by PCC, whilst the effect of thrombin
inhibition is not. In some animal experiments, bleeding in the
presence of NOACs has been variably reduced by administra-
tion of PCC and aPCC with evidence of a dose response. Until
specific antidotes are available (a)PCCs may be considered for
patients with severe haemorrhage associated with NOACs and
in such a cases a dose of 50 U/kg would be reasonable based
on extrapolation from animal studies. Idarucizumab is human-
ized monoclonal mouse antibody with high dabigatran binding
affinity which has been developed as a specific antidote to dabi-
gatran. Andexanet is a truncated recombinant FXa that lacks the
GLA domain and is catalytically inactive because of a mutation
(S419A) in the catalytic triad, it avidly binds Xa inhibitors and
has been developed as a specific antidote to the Xa inhibitors.
Both should be available in 2016.

Antiplatelet drugs

Antiplatelet drugs reduce the risk of the combined outcome of
stroke, myocardial infarction (MI) and ischaemic stroke. They
reduce vascular death by about 15% and non-fatal vascular
events by 30%. They also reduce the incidence of myocardial
infarction in patients with unstable angina, reduce acute occlu-
sion of coronary bypass grafts and improvewalking distance and
decrease vascular complications in patients with peripheral vas-
cular disease.

Aspirin

Aspirin (acetylsalicylic acid) acetylates and thus inactivates
cyclo-oxygenase (COX), the enzyme responsible for the conver-
sion of arachidonic acid to prostaglandin H2 and subsequently
the generation of thromboxane (TXA2) and prostacyclin (PGI2).
As acetylation of COX is irreversible and the platelet is unable
to synthesize new enzyme, COX activity is lost for the platelet
lifetime (8–10 days). About 10% to 12% of circulating platelets
are replaced every 24 hours; however, the recovery of platelet
function is faster than that predicted by the rate of platelet

827



Postgraduate Haematology

turnover due to the aspirin-treated platelets being able to
respond to TXA2 generated by new platelets. Consequently it is
only necessary to stop aspirin for 5 to 7 days to restore normal
platelet function.
Oral aspirin is rapidly absorbed in the stomach and upper

intestine and peak levels occur 30 to 40 minutes after inges-
tion. A dose of 75–100 mg/day is below the dose required to
reduce pain and inflammation, but abolishes synthesis of TXA2
without significant impairment of prostacyclin formation. How-
ever, low-dose aspirin is not without risk: a proportion of peptic
ulcer bleeds in people aged over 60 years occur from prophy-
lactic low-dose aspirin. Genetic polymorphisms affecting COX-
1 and other genes involved in thromboxane biosynthesis may
cause aspirin resistance in terms of the ability of aspirin to reduce
TXA2 biosynthesis. However, the term aspirin resistance has
been used to describe different phenomena. The critical fac-
tor is the ability of aspirin to protect patients from thrombosis.
The fact that some patients suffer recurrent events despite long-
term aspirin therapy should be considered as treatment failure
rather than aspirin resistance. Given the multifactorial nature of
thrombosis and the fact that platelet-dependent thrombosismay
not be responsible for all vascular events, it is not surprising that
only about 25% of vascular complications can be prevented by
antiplatelet therapy.
There is evidence that aspirin reduces the incidence of venous

thrombosis by about 30%. However, as this is significantly infe-
rior to the efficacy of anticoagulant drugs, aspirin is not the
preferred treatment option to reduce venous thrombosis for the
majority of at-risk patients.
There is evidence of a decreased risk of pre-eclampsia,

preterm birth and fetal or neonatal death in women given
antiplatelet therapy.

Dipyridamole

Dipyridamole reversibly inhibits platelet phosphodiesterase, and
consequently the cyclic AMP concentration is increased and
platelet activity reduced. The absorption of dipyridamole is vari-
able and can result in low bioavailability. However, a slow-release
preparation, when used in conjunction with aspirin, has been
shown to reduce the incidence of stroke in patients with prior
stroke or (TIA). However, three times as many patients discon-
tinue the combination as compared to aspirin alone, mainly due
to headache.

Clopidogrel, prasugrel and ticagrelor

Clopidogrel is a thienopyridine derivative that inhibits ADP-
dependent platelet aggregation. It is used to prevent myocar-
dial infarction and stroke in high-risk patients and in combina-
tion with aspirin after initial placement of drug-eluting stents.
Clopidogrel is inactive, but is metabolized by cytochrome P-450

CYP2C19 in the liver, converting it to its active form. The active
metabolite has an elimination half-life of about 0.5 to 1.0 h, and
acts by forming an irreversible disulfide bridge with the platelet
ADP receptor. Consequently the duration of the antiplatelet
effect is the duration of the platelet lifespan. An initial dose of
300mg is followed by a daily dose of 75mg. About 15% of people
with variants in cytochrome CYP2C19 (CYP2C19) have lower
levels of the active metabolite of clopidogrel, less inhibition of
platelets, and a fourfold greater risk of treatment failure.
Prasugrel is a thienopyridine derivative like clopidogrel. It

inhibits ADP-induced platelet aggregation more rapidly, more
consistently and to a greater extent than standard-dose clopido-
grel. A 60 mg loading dose is followed by a daily maintenance
dose of 10 mg. It is also a prodrug that is rapidly metabolized to
a pharmacologically active metabolite. Prasugrel is a more effec-
tive antiplatelet drug than clopidogrel, but is associated with a
higher bleeding rate.
Ticagrelor has a binding site different from ADP and is a

reversible allosteric antagonist. In addition, the drug does not
need hepatic activation and so it may be better for patients with
genetic variants affecting CYP2C19 activity. It has a faster onset
and shorter duration of action than clopidogrel and so has to be
taken twice daily instead of once a day, which may be a disad-
vantage in terms of compliance, but its effects are more quickly
reversible and this can be advantageous if surgery is required or
if bleeding occurs.

Abciximab, eptifabatide and tirofiban

The platelet glycoprotein IIb/IIIa complex is the predominant
platelet integrin, restricted to megakaryocytes and platelets. It
mediates platelet aggregation by the binding of fibrinogen and
von Willebrand factor (vWF) and GPIIb/IIIa antagonists have
been developed as antiplatelet agents. As blockers of the final
common pathway of platelet aggregation (the binding of fib-
rinogen) they are more complete inhibitors of platelets than
aspirin, clopidogrel or prasugrel, which act only on the cyclo-
oxygenase or ADP pathways. GPIIb/IIIa antagonists also have
an anticoagulant effect by reducing the availability of platelet
membrane anionic phospholipid required for thrombin gener-
ation on the platelet surface. The inhibition of platelet function
is dose dependent.
Abciximab is a monoclonal antibody Fab fragment that binds

to the GPIIb/IIIa complex with a high affinity and slow dissoci-
ation rate. It is administered intravenously and is cleared rapidly
from plasma with a t1/2 of 20 minutes. A 0.25 mg/kg bolus is fol-
lowed by an infusion of 0.125 μg/kg/min for 12 hours. This pro-
duces immediate and sustained inhibition of platelet function,
with platelet aggregation gradually returning to normal about 96
to 120 hours after discontinuation of the drug. The dose causes
and maintains blockade of more than 80% of receptors, caus-
ing a greater than 80% reduction in aggregation. Abciximab is
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used in patients undergoing percutaneous coronary interven-
tion (angioplasty with or without stent placement) in whom it
reduces the incidence of ischaemic complications with the pro-
cedure and reduces the need for repeated coronary artery revas-
cularisation. It can be used in patients with renal failure and can
be used in combination with heparin and an antiplatelet drug
such as aspirin. It should not be used if a patient requires emer-
gency surgery because of the sustained effect.
Platelet transfusion after cessation of abciximab is necessary

for refractory or life-threatening bleeding. After transfusion, the
antibody redistributes to the transfused platelets, reducing the
mean level of receptor blockade and improving platelet func-
tion. Severe thrombocytopenia occurs in 1% of treated patients.
Abciximab-induced thrombocytopenia is usually rapid, occur-
ring hours after administration, but may occur for up to 2 weeks
after treatment. Transfusing platelets is the only known treat-
ment, but may have limited effectiveness as the drug binds
to transfused platelets. Abciximab-associated EDTA-induced
platelet clumping also occurs causing pseudothrombocytopenia.
Therefore, a low platelet count after abciximab should be con-
firmed using a non-chelating anticoagulant in the sample tube.
Eptifibatide is a cyclic heptapeptide based upon the Lys-Gly-

Asp sequence. Tirofiban is a non-peptide mimetic. Both are
competitive inhibitors of the GPIIb/IIIa complex, with lower
affinities and higher dissociation rates than abciximab and rel-
atively short plasma t1/2 values (2–2.5 h). Platelet aggregation
returns to normal from 30 min to 4 hours after discontinua-
tion. Eptifibatide and tirofiban are effective in acute coronary
syndromes.

Selected bibliography

Ageno W, Gallus AS, Wittkowsky A et al.; American College of
Chest Physicians (2012) Oral anticoagulant therapy: Antithrombotic

Therapy and Prevention of Thrombosis, 9th ed: American College of
Chest Physicians Evidence-BasedClinical PracticeGuidelines.Chest:
141: e44S–88S.

Douketis JD, Spyropoulos AC, Kaatz S et al. (2015) Perioperative
Bridging Anticoagulation in Patients with Atrial Fibrillation. New
England Journal of Medicine. [Epub ahead of print]. Available
at: http://www.ncbi.nlm.nih.gov/pubmed/26095867. Accessed on 5th
August 2015.

Eikelboom JW, Hirsh J, Spencer FA, Baglin TP, Weitz JI (2012)
Antiplatelet drugs: Antithrombotic Therapy and Prevention of
Thrombosis, 9th ed: American College of Chest Physicians Evidence-
Based Clinical Practice Guidelines. Chest 141: e89S–119S.

Garcia DA, Baglin TP,Weitz JI, SamamaMMand theAmericanCollege
of Chest Physicians (2012) Parenteral anticoagulants: Antithrombotic
Therapy and Prevention of Thrombosis, 9th ed: American College of
Chest Physicians Evidence-Based Clinical Practice Guidelines.Chest
141: e24S–43S.

Keeling D, Baglin T, Tait C et al. (2011) Guidelines on oral anticoagula-
tion with warfarin – fourth edition. British Journal of Haematology
154: 311–24.

Kitchen S, Gray E, Mackie I et al. Committee, B (2014) Measurement of
non-coumarin anticoagulants and their effects on tests of Haemosta-
sis: Guidance from the British Committee for Standards in Haema-
tology. British Journal of Haematology 166: 830–41.

Makris M, Van Veen JJ, Tait CR, Mumford AD, LaffanM (2013) Guide-
line on the management of bleeding in patients on antithrombotic
agents. British Journal of Haematology 160: 35–46.

Ruff CT, Giugliano RP, Braunwald E et al. (2014) Comparison of
the efficacy and safety of new oral anticoagulants with warfarin in
patients with atrial fibrillation: a meta-analysis of randomised trials.
Lancet 383: 955–62.

Schulman S (2014) New oral anticoagulant agents: general features and
outcomes in subsets of patients. Thrombosis and Haemostasis 111:
575–82.

Weitz JI, Eikelboom JW, Samama MM and the American College of
Chest Physicians (2012) New antithrombotic drugs: Antithrombotic
Therapy and Prevention of Thrombosis, 9th ed: American College of
Chest Physicians Evidence-Based Clinical Practice Guidelines.Chest
141: e120S–151S.

829

http://www.ncbi.nlm.nih.gov/pubmed/26095867.Accessed


CHAPTER 47

47Management of venous
thromboembolism
Trevor Baglin1 and David Keeling2

1Cambridge University Hospitals NHS Trust, Addenbrookes Hospital, Cambridge, UK
2Oxford University Hospitals, Churchill Hospital, Oxford, UK.

Introduction

Venous thromboembolism (VTE), which comprises deep vein
thrombosis (DVT) and pulmonary embolism (PE), has an
incidence of about 1 per 1000 per annum, with two-thirds
presenting as DVT and one-third as PE. The case fatality is
approximately 5%, but there is also major morbidity caused
by post-thrombotic syndrome (PTS) of the leg and chronic
thromboembolic pulmonary hypertension (CTPH). Anticoagu-
lants are highly effective in secondary prevention, but leave the
patient at risk of bleeding. The risk of recurrence is considerable
and patients need to be assessed to identify those who require
long-term anticoagulation as secondary prevention.

Diagnosis of deep vein thrombosis

Before the introduction of compression ultrasound, contrast
ascending venography was the standard investigation for sus-
pected DVT of the lower limb. Venography can detect both
proximal DVT (involving the trifurcation area, the popliteal
vein or above) and isolated calf DVT, but it is invasive and can
be painful. Venography was largely replaced with compression
ultrasound, often only with scanning of the proximal veins, but
with a repeat scan one week later in those without proximal
DVT. More recently, clinical medicine has seen a revolution in
the diagnosis ofDVTwith the use of an integrated system,which

includes clinical assessment, laboratory testing (in the form of
D-dimer analysis) and ultrasound.

Isolated calf DVT

DVTusually starts in the calf, but by the time symptoms develop
most patients have thrombus in the proximal veins. If isolated
calf DVT is left untreated, extension into the proximal veins
has been reported in 3–18%, usually within one week. Isolated
calf DVTs that do not extend rarely lead to clinically signifi-
cant emboli and it is safe to withhold anticoagulant treatment
from patients with clinically suspected DVT who have normal
compression ultrasonography of the proximal veins at the time
of presentation and one week later. This has led to two dif-
ferent ultrasound strategies for DVT diagnosis. Many deliber-
ately only look at the proximal veins and then perform a repeat
test one week later in selected patients with a negative first scan.
An alternative strategy is to scan the whole leg (proximal and
calf veins). Both strategies are acceptable and safe, and have
been shown to be clinically equivalent in randomized trials.
Rapid compression ultrasound restricted to the proximal veins
is seen as simple, convenient and technically simple, but requires
repeat testing one week later in 25–50% of patients. The whole
leg examination offers a one-day answer in all, but is techni-
cally more difficult and risks unnecessary anticoagulation. If the
whole leg is scanned and an isolated calf DVT found, it is usually
treated, though in the absence of severe symptoms or risk factors
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Chapter 47 Management of venous thromboembolism

for extension, the American College of Chest Physicians suggest
serial imaging instead of initial anticoagulation.

Algorithms for the diagnosis of a deep vein
thrombosis

The objective diagnosis of DVT depends on diagnostic imag-
ing. However, because of the increasing number of negative
tests, strategies have been developed that can exclude the diag-
nosis in some patients without the need for imaging. These
strategies rely on the use of information from the clinical his-
tory and examination to estimate a pretest probability (PTP)
and assays to detect D-dimers. The commonest PTP probability
assessment tool is the Wells score (see Table 47.1). An ‘unlikely’
PTP score is not on its own enough to rule out a DVT, but
an unlikely score can be used to rule out the diagnosis if the
D-dimer test is also negative.
Thrombus formation is followed by a fibrinolytic response,

which releases fibrin degradation products (containing the
D-dimer motif) into the circulation. It follows that absence of
a rise in D-dimers implies that thrombosis is not occurring. The
strategy for using D-dimer assays in the diagnosis of DVT is to
employ a sensitive test with a high negative predictive value. The
specificity of the assays for DVT is poor and false positive results

Table 47.1 Wells clinical score used for predicting the probability
of DVT prior to further testing.

Risk factors, symptoms or signs Points

Active cancer (patient receiving treatment for
cancer within the previous 6 months or
currently receiving palliative treatment)

1

Paralysis, paresis or recent plaster
immobilizsation of the lower extremities

1

Recently bedridden for 3 days or more, or major
surgery within previous 12 weeks

1

Localized tenderness along the distribution of the
deep venous system

1

Entire leg swollen 1
Calf swelling at least 3 cm larger than the
asymptomatic leg (measured 10 cm below tibial
tuberosity)

1

Pitting oedema confined to the symptomatic leg 1
Collateral superficial veins (non-varicose) 1
Previously documented deep vein thrombosis∗ 1
Alternative diagnosis at least as likely as deep vein
thrombosis

–2

∗The authors give a point for previous DVT or PE.
Score ≥2 points, likely pretest high probability; score ≤1 point, unlikely
pretest probability

are common. All patients who have a ‘likely’ PTP or who have
a raised D-dimer need to proceed to diagnostic imaging. This is
illustrated in Figure 47.1a and b. If only the proximal veins are
scanned we now know that patients with an ‘unlikely’ PTP and
those with a normal D-dimer do not need a second scan.

Diagnosis of pulmonary embolism

Clinical presentation of PE depends on the size, location and
number of emboli, and the patient’s underlying cardiorespira-
tory reserve. The classic triad of chest pain, haemoptysis and
dyspnoea is present in less than 20% of patients, but nearly
all will have at least one of pleuritic chest pain, dyspnoea or
tachypnoea.
Diagnostic imaging is necessary to make the diagnosis and

CT pulmonary angiography (CTPA) and ventilation–perfusion
(V/Q) lung scanning are both used. Perfusion scanning with
technetium-99-labelled albumin macroaggregates is a sensitive,
but not very specific, method. The specificity is improved by
adding ventilation scanning in which a gaseous radionuclide
such as xenon-133 or technetium-99 diethylenetriaminepen-
taacetic acid (DTPA) is inhaled in an aerosol form, looking
for a V/Q mismatch (no perfusion in ventilated lung). How-
ever, V/Q scanning is often non-diagnostic, resulting in a non-
informative ‘intermediate probability’ scan report. CTPA, which
may also identify alternative diagnoses, is becoming more com-
monly used.
In order to reduce the need for diagnostic imaging a simi-

lar strategy to that used for DVT is applied. The initial step for
patients presenting with a possible PE is also to assess them for
their pretest probability using a scoring system such as theWells
PE score (Table 47.2). Patients scoring as ‘unlikely’ can have the
diagnosis excluded without the need for diagnostic imaging if
they also have a negative D-dimer. If, however, the D-dimer is
positive, the patient should be sent for diagnostic imaging, as
should all patients who have a ‘likely’ PTP (Figure 47.2).

Treatment of VTE

The majority of deaths (>90%) due to PE occur in untreated
patients in whom the diagnosis is not made in life. Treatment
with therapeutic dose anticoagulation reduces the mortality to
approximately 2%, with half of deaths directly attributable to
PE rather than comorbidity, such as cancer. Patients with symp-
tomatic PE are five times more likely to die of fatal PE than
patients with symptomatic DVT and patients with massive PE
with systemic hypotension (high-risk PE) are 10 to 20 times
more likely to die. Rapid commencement of anticoagulation,
and thrombolysis in patients with high-risk PE, is therefore
required to prevent death. In patients presentingwithDVTwith-
out symptomatic PE death is unusual once treatment with anti-
coagulation has started.
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Pretest probability

D-dimer

Unlikely
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D-dimer

Unlikely
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NegPos

Treat
for DVT
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Figure 47.1 (a) Diagnostic algorithm for DVT with scanning of proximal veins only. (b) Diagnostic algorithm for DVT with scanning of
whole leg.

Blood samples for haemoglobin, platelet count, PT and APTT
serum creatinine and liver function should be taken. A group
and save should also be ordered for patients who will be treated
with thrombolysis. Thrombophilia testing is of no utility at this
stage, as the results do not affect immediate patientmanagement
with any drug.

Initial anticoagulant therapy

Once a diagnosis of DVT or PE is made, or strongly suspected,
a rapidly acting anticoagulant should be started immediately.

Table 47.2 Wells clinical score used for predicting the probability
of PE prior to further testing.

Risk factors, symptoms or signs Points

Signs and symptoms of DVT 3
Alternative diagnoses less likely than PE 3
Heart rate >100 1.5
Immobility or surgery within 4 weeks 1.5
Previous DVT/PE 1.5
Haemoptysis 1
Active cancer 1

Score >4 points, likely pretest probability; score ≤4 points, unlikely
pretest probability

Traditionally this has been heparin. A vitamin K antagonist
(VKA) such as warfarin is usually started at the same time
as heparin, or slightly later, but takes several days to produce
an anticoagulant effect, hence the need for initial heparin in
patientswho are to receivewarfarin.Nowadays a low-molecular-
weight heparin (LMWH) rather than unfractionated heparin
(UFH) is preferred. The LMWH dose is based on weight and
the total daily dose is given as a single subcutaneous injection
without the need for monitoring or dose adjustment. LMWH
should continue for at least five days and until the International

Pretest probability

D-dimer

Unlikely

Neg Pos

Likely

CTPA or V/Q scanNo PE

Pos Neg

PE No PE

Figure 47.2 Diagnostic algorithm for PE.
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Normalized Ratio (INR) has been greater than 2.0 for two
consecutive days, when it is used in combination with warfarin.
Unfractionated heparin (UFH) is now used infrequently, but is
still used in some patients with massive (high-risk) pulmonary
embolus.
When initiating rapid loading with warfarin, a loading nomo-

gram should be used, as individual warfarin dose requirements
vary considerably. The advantages of using a dosing nomogram
are:
� A therapeutic intensity of anticoagulation is reached in the
shortest possible time without an excessive risk of overanti-
coagulation.
� The daily maintenance warfarin dose, which will be required
after the initial loading, is predictable. This reduces the risk of
over-anticoagulation and hence bleeding following initial load-
ing, and increases the likelihood of maintaining a therapeutic
level of anticoagulation.
Alternatively, patients with acute DVT or PE can be treated

with a non-VKA oral anticoagulant (NOAC). In clinical trials
of rivaroxaban and apixaban, the NOAC was given at a higher
dose initially without overlapping LMWH, whereas dabigatran
and edoxaban were given with LMWH initially.
In patients with VTE who stop anticoagulant therapy after

3–6 months the incidence of subsequent fatal PE is approxi-
mately 0.25 per 100 patient years.

Thrombolytic therapy

Streptokinase and recombinant tissue plasminogen activator
(rtPA) are widely available fibrinolytic agents. Streptokinase,
a glycoprotein purified from the supernatant of β-haemolytic
streptococci, in complex with plasminogen, cleaves other plas-
minogen molecules to plasmin. This indirect action results in
complex pharmacokinetic characteristics. Furthermore, strep-
tokinase is immunogenic, which may cause allergic reactions,
as well as a reduced or absent response on repeated use or after
a recent infection with streptococci. tPA has a direct enzymatic
effect on plasminogen that is strongly enhanced by the presence
of fibrin. Guidelines on the management of acute PE now rec-
ommend stratifying patients into high, intermediate and low risk
(Table 47.3). Low-risk patients can be considered for home treat-
ment. Patients with intermediate- and high-risk PE require hos-
pitalization and patients with high-risk PE should be considered
for immediate thrombolytic therapy as this may reduce mortal-
ity.Whilst life-saving in the acute phase the haemodynamic ben-
efit of thrombolysis compared to heparin is lost after the first
few days. At the present time, patients with intermediate risk are
not given thrombolytic therapy, but they should be monitored,
as 25% of patients deteriorate and may require urgent escala-
tion to thrombolytic therapy. Escalation of patients to throm-
bolysis in clinical trials probably explains why there has been
no difference in mortality in randomized trials of thromboly-
sis in intermediate-risk patients. In routine clinical practice the

Table 47.3 Stratifying pulmonary embolism by risk of death.

Haemodynamically unstable PE = high risk
Systolic blood pressure <90 mmHg or a pressure drop of ≥40
mmHg for >15 minutes if not caused by an arrhythmia,
hypovolaemia or sepsis

About 5–10% of patients are in this high-risk group and have a
risk of early death of >15%

Haemodynamically stable PE
Intermediate risk
These patients are haemodynamically stable, but with evidence
of right heart strain or myocardial injury. Early mortality is
3–15%

Low risk
Haemodynamically stable without evidence of right heart strain
or myocardial injury. Early mortality is <1%

opportunity for escalation is lost if patients are not monitored,
resulting in avoidable fatal PE.
Up to 5% of patients havemassive PEwith hypotension at pre-

sentation. Fatal PE occurs in >15% of patients presenting with
high-risk (massive) PE, 3–15% of patients with intermediate-
risk PE and in less than 1% of patients with low-risk PE or DVT
alone. Right ventricular dysfunction (RVD) is present in up to
40% of patients with acute PE and normal blood pressure, and
fatal PE is twice as likely in those with RVD. In patients with
RVD, biomarkers such as troponin may identify those patients
at greatest risk, but the clinical utility of these measurements is
not yet known.Death due to acute PE results froman acute fall in
cardiac output. In patientswithout pre-existing heart or lung dis-
ease the haemodynamic disturbance correlates with the extent of
obstruction of the pulmonary circulation.
Contraindications to thrombolysis include active internal

bleeding, a stroke within 2 months, and an intracranial pro-
cess such as neoplasm or abscess. Relative contraindications
include surgery within 10 days, uncontrolled hypertension and
pregnancy. Haemorrhagic complications are higher in patients
with a recent invasive procedure such as pulmonary angiogram
or placement of an inferior vena cava (IVC) filter. There is
a reported incidence of intracranial haemorrhage of approxi-
mately 2%, with higher rates in the elderly and those with poorly
controlled hypertension. Up to 20% of patients suffer major
bleeding. If heparin is being given it should be stopped. Heparin
therapy is started 2 hours after administration of thrombolysis.
Thrombolytic therapy after DVT increases the rate of early

re-canalization, but is associated with a higher risk of bleeding
than with anticoagulant therapy. In clinical studies, venographic
obstruction and PTS were less frequent in patients treated with
streptokinase compared with anticoagulation alone, but PTS
assessments in these studies were not performed using any vali-
dated instrument, and bleeding complications were much more
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frequent in patients treated with streptokinase. Consequently,
systemic streptokinase infusions are no longer used for DVT
treatment. Systemic infusion of recombinant tissue plasmino-
gen activator (rt-PA) has limited efficacy. Clinical studies suggest
that the systemic administration route may not reliably achieve
a therapeutic rt-PA concentration at its target sites within the
thrombus. However, major bleeding is more frequent than with
anticoagulant therapy. Catheter-directed intrathrombus throm-
bolysis (CDT) refers to the infusion of a fibrinolytic drug directly
into the venous thrombus via a multisidehole catheter, which is
embedded in the thrombus using imaging guidance. This is the
preferred treatment currently if thrombolytic treatment is given.
However, even with low-dose rt-PA (0.5 to 1.0 mg/h) major
bleeding occurs in about 4% of patients. The long-term bene-
fits remain unclear and so thrombolytic therapy is not recom-
mended routinely in patients with DVT. Thrombolysis may be
considered in individual patients with symptomatic iliofemoral
DVT who have all of the following:
� symptoms of less than 14 days’ duration;
� good functional status;
� a life expectancy of 1 year or more;
� a low risk of bleeding.

Long-term complications of VTE

Post-thrombotic syndrome (PTS)

Following acute DVT, re-canalization occurs slowly. Residual
vein occlusion (RVO) is present in 50% of patients at 6 months
and remains present in 25% after 3 years. Clot resolution is iden-
tical in patients with and without thrombophilia. Because of fre-
quent incomplete clot resolution the diagnosis of recurrent ipsi-
lateral DVT is problematic. Of particular clinical value in this
regard is the demonstration that in patients with previous DVT,
a negative high-sensitivity D-dimer assay result safely excludes
recurrence. Post-thrombotic syndrome (PTS) is chronic pain
and swelling, which occurs in up to one-third of patients who
have a DVT; it is typically worse at the end of the day or with
prolonged sitting or standing, and better after a night’s rest and
leg elevation. Patients may describe heaviness in the leg, cramps,
pruritis and paraesthesia. There may be oedema, induration of
the skin, reddish-brown hyperpigmentation and venous ectasia.
PTS can occur early or, more unusually, have a latency of up to
10 years; the cumulative frequency has been estimated as 23%
at 2 years and 28% at 5 years; in 5–10% PTS is classed as severe
(this includes all those with ulcers).
A major risk factor for PTS is recurrent ipsilateral DVT.

During anticoagulant treatment after DVT patients with pro-
longed periods of subtherapeutic anticoagulation are more
likely to develop PTS. There is no evidence that prolonged
anticoagulant therapy reduces the risk of PTS. This indicates
that early suboptimal anticoagulation rather than duration of

anticoagulation influences the development of PTS and that
thrombin generation may contribute to ongoing valvular dam-
age immediately after DVT.
Early walking after acute DVT and continued high levels of

physical activity appear to reduce the likelihood of clot progres-
sion and reduce the risk of PTS. Initial randomized trials demon-
strated a 50% reduction in PTSwith compression stockings used
for up to two years. However, the large SOX trial failed to show
a benefit when compression stockings were used for 50% of the
time compared to ‘sham’ stockings. Consequently, any benefit
of stockings in reducing the incidence and severity of PTS after
DVT is now contentious, although many patients use them for
symptomatic relief early after acute DVT.

Chronic thromboembolic pulmonary
hypertension (CTPH)

Following treatment of acute symptomatic PE with either
thrombolysis or anticoagulation, 85% of patients still have par-
tial occlusion of the pulmonary circulation after 1 week. At
6 months more than 50% of patients have persistent follow-
up scan defects and complete resolution does not occur in the
majority of patients by 1 year. Consequently, there is the diffi-
culty of confirming or excluding recurrent acute PE in patients
who do not have a follow up scan at completion of initial treat-
ment. Appropriate follow-up after completion of anticoagulant
therapy for evaluation of risk of chronic thromboembolic pul-
monary hypertension (CTPH) remains to be defined. Less than
5% of patients with persistent occlusion of the pulmonary cir-
culation after 6 months will develop CTPH. Recurrent and
previous multiple PE are significant risk factors for CTPH,
but heritable thrombophilic defects are not associated with an
increased risk.

Risk of recurrence and duration of
anticoagulant therapy

It is important to identify an underlying clinical condition
that might have caused VTE, such as cancer, by careful his-
tory, examination and appropriate investigations. Overweight
patients should be advised to lose weight and smokers advised to
stop. The preferred anticoagulant treatment option for patients
with active malignancy and those receiving treatment for cancer
is continued LMWH.
If isolated calf DVT is diagnosed it is usually treated for

3 months but 6 weeks may be sufficient for isolated calf DVT
following surgery. Patients with proximal DVT or PE should
be treated for at least 3 months. The decision as to whether to
continue anticoagulant treatment indefinitely after a first proxi-
mal DVT or PE is dependent on the risk of recurrence without
continued treatment and the perceived risk of bleeding on anti-
coagulation. Long-term anticoagulation is usually given after
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recurrent unprovoked VTE. For patients who receive long-term
anticoagulation the risk–benefit ratio of continued treatment
should be reassessed at regular intervals, e.g. annually or fol-
lowing an episode of severe over-anticoagulation (INR >8) or
bleeding.
Recurrent DVT or PE is associated with a risk of death and a

greatly increased likelihood of PTS andCTPH, respectively. Sec-
ondary prevention of VT significantly reduces the burden of dis-
ease, but recurrent VTE is only prevented for as long as antico-
agulation is continued. Therefore, there is a need to improve risk
stratification for both recurrent VTE and anticoagulant-related
bleeding. Following an episode of venous thrombosis, patients
are 40 times more likely to suffer an event in the future than
patients who have not previously suffered from venous throm-
bosis. However, risk varies between patient groups. Patients with
VTE provoked by surgery have an annualized recurrence rate
of <1%. Patients with VTE provoked by a non-surgical fac-
tor have an annualized risk of 4% and patients with unpro-
voked VTE have an annualized event rate of 7%. Many experts
consider an annual rate higher than 5% justification for long-
term anticoagulant therapy, as the risk of future fatal PE is
then likely greater than the risk of fatal bleeding on long-term
anticoagulation.
Decisions regarding duration of anticoagulation should be

made with reference to whether or not a first episode of VTE
was provoked or unprovoked (Table 47.4). Current guidelines
recommend that patients with provoked VTE receive anticoag-
ulant therapy for 3months. For patientswith unprovokedVTE, a
decision should bemade after 3months as towhether the patient
should continue on anticoagulation or stop. In patients with an
unprovoked first event, male sex, a high D-dimer on completion
of initial anticoagulant therapy and possibly younger age predict
higher rate of recurrence. Decision rules for stopping anticoag-
ulation, which include testing for D-dimer, have been evaluated.
Increased D-dimer levels following completion of anticoagulant
therapy after DVT are associated with residual vein obstruction
(RVO) and likelihood of recurrence is not determined by RVO
when adjusted for D-dimer level. Testing for heritable throm-
bophilia has little, if any, clinical utility in deciding whether
a patient should remain on anticoagulant therapy or not, and

routine testing in order to determine the duration of anticoagu-
lant therapy is not recommended. If it is planned to stop antico-
agulation treatment in a patient who has had unprovoked prox-
imal DVT or PE, then testing for antiphospholipid antibodies
should be offered, as a positive result would argue for reconsid-
ering long-term treatment.
A further consideration when deciding whether a patient

should continue anticoagulation or not after an initial three
months of treatment is whether the first presentation was with
symptomatic PE or DVT without symptoms of PE. Whilst the
risk of recurrence is the same, patients who present with an ini-
tial PE are three times as likely to suffer from PE if they suffer a
recurrence, as compared to those whose first event is a DVT.

Other treatments

Vena caval filters

Vena caval filters are prosthetic devices that are deployed to pre-
vent PE in patients at high risk, but in whom standard anticoag-
ulant therapy is contraindicated, or in selected patients with PE
despite therapeutic anticoagulation. Contraindications to anti-
coagulation insertion might be:
� central nervous system haemorrhage;
� overt gastrointestinal bleeding;
� retroperitoneal haemorrhage;
� massive haemoptysis;
� stroke in the last 14 days;
� central nervous system trauma;
� severe thrombocytopenia.
Filter placement is associated with potential complications.

Because anticoagulation is usually contraindicated at the time of
filter insertion there is a risk of thrombosis at the vascular access
site. However,most of these are asymptomatic. There are no data
on the long-term consequences of this complication.Mechanical
problems such as caval penetration, filter migration, tilting and
filter fracture are infrequent asymptomatic events with symp-
tomatic events occurring in about 1% of patients.

Table 47.4 Suggested duration of anticoagulation.

3 months 3 months then consider for long-term Usually long-term

� First proximal DVT or PE associated
with a transient risk factor∗
� First unprovoked isolated calf DVT
(consider 6 weeks if post surgery)

� First unprovoked proximal DVT or
PE∗∗

� Recurrent unprovoked DVT or PE
� Proximal DVT or PE with a significant
continuing risk factor (e.g. active cancer,
antiphospholipid antibodies) and no
other cause

∗Transient risk factors: surgery, significant trauma e.g. fracture, plaster cast; combined pill/hormone replacement therapy; pregnancy/puerperium
∗∗A stronger case for continuing in: males; those with raised D-dimers after completing anticoagulation; those with PE
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With or without subsequent anticoagulation there is a signifi-
cant incidence of subsequent thrombosis in the vena cava or leg
veins resulting in PTS in approximately 20%. This is not signif-
icantly different to the incidence of PTS following DVT treated
with anticoagulant therapy, but due to incomplete follow up of
IVC filter patients this figure may be an underestimate. Filters
are associated with a lower incidence of early PE, but there is a
higher incidence of recurrent DVT and the thrombus frequently
involves the inferior vena cava. Case-series have not demon-
strated a benefit from introducing anticoagulation for the sole
purpose of preventing filter-related thrombotic events and anti-
coagulant therapy for patients with IVC filters should be guided
by an assessment of the patient’s risk of recurrent VTE andmajor
bleeding, and not the presence of the filter alone.

Thrombectomy

Thrombectomy is rarely performed in patients with massive
PE, but is an option in cardiothoracic centres in patients with
life-threatening PE. Thrombectomy is not recommended in
patients with DVT. There are insufficient data to evaluate
the long-term benefit of surgical removal of the thrombus in
patients.

Venous thrombosis in unusual sites

Cerebral vein thrombosis

Cerebral venous sinus thrombosis (CVST) most often affects
young adults, with approximately three-quarters of patients
being female. Obstruction of cerebral veins causes cerebral
oedema and venous infarction, while occlusion of venous
sinuses causes intracranial hypertension. It can present with
recent unusual headache or stroke-like symptoms. The most
sensitive diagnostic test is magnetic resonance venography. If
MRI is not available then high-resolution CT is useful but can
be normal initially. Recognized underlying causes include infec-
tion, myeloproliferative disorders and leukaemia (especially
with asparaginase treatment) and use of oestrogen-containing
oral contraceptives.Mortality in the firstmonth is approximately
5%, but 80% of surviving patients recover completely or have
only a mild functional or cognitive deficit. Anticoagulant ther-
apy was associated with a pooled relative risk of death of 0.33
(0.08 to 1.21) and of death or dependency of 0.46 (0.16 to 1.31),
based on two small studies and it is recommended that patients
with CVST without contraindications to anticoagulant therapy
should be treated with therapeutic-dose heparin. The optimal
duration of anticoagulation is unknown, but it is suggested that
a minimum of 3 months treatment is given. Long-term antico-
agulation has been suggested for patients with ‘severe’ throm-
bophilia and in patientswith unprovokedCVSTwith incomplete
re-canalization, but with no evidence.

Retinal vein thrombosis

Retinal vein occlusion (RVO) is predominantly a disorder of
the elderly. The prognosis depends on the development of mac-
ular oedema and neovascularization and standard therapy has
been laser photocoagulation. The role of anticoagulant therapy
is unclear. For branch RVO, antiplatelet or anticoagulation ther-
apy is not recommended. Patients with acute central RVO are
considered for a short course of anticoagulation with LMWH
or with low-dose tPA, but routine therapy with warfarin or
antiplatelet agents is not recommended.

Upper limb DVT

Upper extremity DVT may involve the axillary, subclavian and
brachial veins and may be associated with thoracic outlet syn-
drome, or with strenuous effort, or with placement of a cen-
tral venous catheter. Compression ultrasound is an acceptable
alternative to venography in the investigation of suspected upper
limbDVT. PE occurs in up to 30% of cases and PTS of the arm is
a risk. Recurrence is less common than in lower limb DVT. The
majority of patients are managed with anticoagulation for three
months.

Intra-abdominal vein thrombosis

Portal vein thrombosis
The portal vein is formed from the superior mesenteric and
splenic veins. The most common underlying aetiology of portal
vein thrombosis is cirrhosis; other causes are intra-abdominal
infection, inflammation or malignancy and blunt trauma or
surgery. Myeloproliferative disorders account for up to a quarter
of cases and all patients should be assessed for the JAK2 V617F
mutation. Paroxysmal nocturnal haemoglobinuria is another
important cause of intra-abdominal thrombosis. Presentation
can be acute, with abdominal pain, fever and nausea, or chronic,
with symptoms of portal hypertension. The diagnosis can be
made by CT, MRI or Doppler ultrasound. In patients with cir-
rhosis, the risk of anticoagulation-related bleeding is high, and
anticoagulationmay be regarded as too high risk. In acute portal
vein thrombosis without cirrhosis, anticoagulation is usually
given. There is no evidence to guide duration of anticoagulation.
Although it has been suggested that anticoagulation should be
given long term in the presence of heritable thrombophilia, or
if there is a failure of re-canalization, this is not based on any
evidence.

Hepatic vein thrombosis
The usual presentation is with abdominal pain, ascites and
hepatomegaly (Budd–Chiari syndrome). Many patients have a
myeloproliferative disorder and a large proportion of patients
are JAK2 positive. The diagnosis can be made with Doppler
ultrasound, CT or MRI. Most patients are anticoagulated and
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in one-third this is followed by transjugular intrahepatic portal
systemic shunting (TIPSS).

Mesenteric vein thrombosis
Themost common causes are cancer, intra-abdominal infection,
cirrhosis and surgery. Presentation is with abdominal pain and
diarrhoea or peritonitis. Diagnosis is with CT or MRI. Surgery
is required in patients with peritonitis, but otherwise anticoagu-
lation is the treatment of choice.

Splenic vein thrombosis
Isolated splenic vein thrombosis is rare, and pancreatic disease is
themost commonaetiology. It can presentwith variceal bleeding
and splenomegaly.

Superficial thrombophlebitis

Superficial venous thrombosis (SVT) of the lower limb, involv-
ing long or short saphenous veins or their branches, has the
same risk factors as DVT. SVT was considered to be a benign
and self-limiting condition, however, it is now appreciated that
a significant proportion of those presenting with SVT will have
concomitant DVT or PE, or are at significant risk of developing
DVT or PE. SVT within 3 cm of the sapheno-femoral junction
has such a high risk of progression to DVT that such patients
are given therapeutic anticoagulation as for DVT. In other cases
non-steroidal anti-inflammatory drugs (NSAIDs) and heparin
have been used as treatment. A Cochrane review concluded an
intermediate dose of LMWHmight be appropriate and for SVT
≥5 cm in length this or a prophylactic dose of fondaparinux
(2.5 mg daily) for 45 days should be used, the latter reducing
symptomatic DVT or PE by 82%.
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Anaemia of chronic disease

The anaemia of chronic disease (ACD) is a common nor-
mochromic or mildly hypochromic anaemia that occurs in
patients with a systemic disease (Table 48.1). It is characterized
by a reduced serum iron and iron-binding capacity, and normal
or raised serum ferritin with adequate iron stores (Table 48.2). It
is not due to marrow replacement by tumour, bleeding, haemol-
ysis or haematinic deficiency, although these often complicate it.

Pathogenesis

Changes in iron metabolism
An important factor in the pathogenesis of chronic anaemia
in the setting of inflammation, infection and malignancy
is an increased plasma level of hepcidin. Hepcidin binds
to ferroportin, accelerates its degradation and so inhibits iron
absorption and export frommacrophages (Chapter 3). The body
utilizes this mechanism to reduce the supply of iron to micro-
organisms, but it also results from sequestration of iron within
macrophages and reduction of iron absorption, in lowering
plasma iron and so reducing supply of iron to developing
erythrocytes. A fall in serum transferrin and a rise in serum
ferritin also occur as part of the acute-phase response. The fall
in serum iron can occur as early as 24 hours after the onset of
a systemic illness, and will persist during the course of a pro-
longed illness. The cytokines IL-1,IL-6, TNF and interferon-α
or -β released directly from macrophages or indirectly together
with interferon-γ from stromal cells or T lymphocytes stimulate
hepatocyte synthesis of hepcidin.

Anaemia usually reduces hepcidin secretion. In ACD, this
effect is clearly abrogated by the effect of inflammation ormalig-
nancy increasing its secretion. Increased lactoferrin, occurring
in response to inflammation and mediated by cytokines, com-
petes with transferrin for iron and forms a complex that is taken
up by macrophages in the liver and spleen. Increased intracellu-
lar apoferritin synthesis occurs in response to inflammation and
malignancy and this too will bind iron. Both of these mecha-
nisms reduce the amount of iron available for binding to plasma
transferrin. In the mouse there is evidence that erythroferrone
synthesized by erythroblasts (Chapter 3) lowers hepcidin levels
during recovery from infection, thus enabling macrophages to
release iron to transferrin.

Inhibition of erythropoiesis
This results from increased levels of inflammatory cytokines,
including interleukin (IL)-1, IL-6, tumour necrosis factor (TNF)
and transforming growth factor (TGF)-β. These interact with
accessory marrow stromal cells and with the erythroid progen-
itors themselves to reduce their sensitivity to erythropoietin. In
this way, the marrow is attempting to aid the recruitment of
pluripotent stem cells to produce white blood cells in order to
combat infection/inflammation and possibly malignancy. These
inflammatory cytokines have also been shown to reduce the
circulating level of erythropoietin. However, the deficiency in
erythropoietin is relative. Although the plasma erythropoietin
level inACD remains inversely correlatedwith the haemoglobin,
compared with patients with other types of anaemia and nor-
mal renal function, it is inappropriately low. TNF and IL-1 have
been shown in experimental systems to reduce erythropoietin
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Table 48.1 Conditions associated with anaemia of chronic
disorders.

Chronic infections
Especially osteomyelitis, bacterial endocarditis, tuberculosis,
abscesses, bronchiectasis, chronic urinary tract infections,
osteomyelitis, HIV

Other chronic inflammatory disorders
Rheumatoid arthritis, juvenile rheumatoid arthritis, polymyalgia
rheumatica, systemic lupus erythematosus, scleroderma,
inflammatory bowel diseases, thrombophlebitis, severe trauma

Malignant diseases
Carcinoma (especially metastatic or associated with infection),
lymphoma, myeloma

Others
Congestive heart failure, ischaemic heart disease, AIDS

production by cultured hepatoma cells. In addition, IL-1α
inhibits erythropoietin production by isolated serum-free per-
fused kidneys. A mild decrease in red cell lifespan occurs in
ACD, but is at a level that could be compensated by a normal
marrow. TNF has been shown to increase apoptosis of erythroid
cells.
Red cell survival is shortened in ACD due to the changes in

the environment rather than in the red cells themselves. The
mechanism is not certain, but raised TNF and IL-1 levels have
been implicated. As the anaemia of chronic disorders responds
to erythropoietin therapy it appears that inhibition of erythro-
poiesis and inadequate erythropoietin secretion are more domi-
nant causes of the anaemia than the changes in ironmetabolism.

Treatment

The severity of the anaemia correlates with the activity and
severity of the underlying chronic disease. Successful therapy of

Table 48.2 Laboratory features of anaemia of chronic disease.

Haemoglobin Not less than 90 g/L
Mean corpuscular volume Normal or mildly reduced

(usually 77–82 fL)
Mean corpuscular
haemoglobin

Usually normal; occasionally
reduced

Serum iron Reduced
Total iron-binding capacity
(transferrin)

Reduced

Transferrin saturation Mildly reduced
Serum ferritin Normal or increased
Serum and urine hepcidin Raised
C-reactive protein Usually raised
Erythrocyte sedimentation
rate

Usually raised

this leads to a reduction in the levels of the mediator cytokines,
increased erythropoietin production and reduced inhibition of
erythropoiesis. Correction of the anaemia may take weeks or
months. Pharmacological doses of recombinant erythropoietin
have been used successfully to improve anaemia in patients with
rheumatoid arthritis, cancer and myeloma.

Malignancy

Anaemia

Anaemia is the most frequent haematological abnormality in
cancer patients and may be due to many causes (Table 48.3).
ACD (see above) will affect almost all cancer patients at some
stage of their illness. The degree of anaemia reflects the extent
of the malignancy and may be worsened by the myelotoxic
effects of chemotherapy. Plasma erythropoietin levels tend to
be inappropriately low and therapy with recombinant erythro-
poietin can reduce transfusion requirements by improving the
haemoglobin level in cancer patients undergoing chemotherapy.

Haemolysis

Warm antibody autoimmune haemolytic anaemia (AIHA) is
most frequently found in association with the following malig-
nant diseases: chronic lymphocytic leukaemia, Hodgkin lym-
phoma and non-Hodgkin lymphoma. However, it has also been
reported in association with solid tumours (e.g. carcinoma of
the ovary). Cold antibody AIHA is less common, but occurs in

Table 48.3 Causes of anaemia in cancer patients.

Type of anaemia Associations

Anaemia of chronic disease All neoplasms
Blood loss Gastrointestinal,

gynaecological neoplasms

Haemolysis
Immune CLL, lymphoma, ovarian

carcinoma, others
Non-immune
fragmentation syndrome

Mucin-secreting
adenocarcinomas

Haemolysis: secondary to
drugs

Mitomycin, ciclosporin,
cisplatin

Pure red cell aplasia Thymoma
Megaloblastic Chemotherapy, folate or

cobalamin deficiency
(gastric carcinoma)

Leucoerythroblastic Metastatic disease in bone
marrow

Marrow hypoplasia Chemotherapy/radiotherapy
Myelodysplasia Chemotherapy/radiotherapy
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chronic cold agglutinin disease, lymphoplasmacytic lymphoma
and myeloma.
Microangiopathic haemolytic anaemia (MAHA) with

intravascular haemolysis may occur in association with
disseminated carcinoma. An abrupt onset of anaemia and
thrombocytopenia often occurs, with a leucoerythroblastic
blood picture, reticulocytosis and red cell fragmentation.
Renal failure may occur as a complication. Mucin-secreting
adenocarcinomas especially gastric, breast and lung cancer are
the most common causes; in about one-third of patients with
MAHA, it is the presenting feature of the tumour. Abnormal
blood vessels may be within the tumour itself (or within
metastatic tumour thrombi, especially in the lungs) or fibrin
deposition may occur at other sites because of disseminated
intravascular coagulation (DIC). Widely disseminated disease
with bone marrow infiltration is almost always present and the
outlook is poor. A syndrome resembling MAHA and idiopathic
haemolytic–uraemic syndrome (HUS) has been reported with
a number of chemotherapeutic agents and following allogeneic
bone marrow transplantation. Principal among the drugs is
mitomycin, although cisplatin, carboplatin, bleomycin and
ciclosporin have also been reported to be responsible. Immune
complex deposition has been implicated in the pathogenesis.

Red cell aplasia

Acquired pure red cell aplasia is associated with a thymoma
in approximately 50% of patients, although it complicates only
approximately 5% of thymomas. Antibodies to erythroid pre-
cursors have been demonstrated in some patients, and removal
of the thymoma (which is usually benign) leads to resolution of
the anaemia in about half of those affected. Immunosuppressive
therapy with cyclophosphamide, ciclosporin, steroids or plasma
exchangemay be helpful in patients who relapse. Red cell aplasia
may also occur in patients with chronic lymphocytic leukaemia
(CLL) or non-Hodgkin lymphoma and with large granular lym-
phocytic (LGL) leukaemia or as part of general marrow aplasia
due to chemotherapy or radiotherapy.

Leucoerythroblastic anaemia

The blood film (Figure 48.1) shows the presence of erythroblasts
and granulocyte precursors (e.g. myelocytes and myeloblasts).
It is frequent when there is marrow infiltration by tumour.
This disturbs the marrow microvasculature and allows early
release of the precursors. Marrow infiltration is most commonly
observed in breast (Figure 48.2), prostate and haematological
malignancies, but also in tumours of lung, thyroid, kidney, gas-
trointestinal tract and melanoma. It can also occur as a reflec-
tion of active bone marrow response to peripheral consump-
tion (acute haemolysis, DIC, septicaemia, hypersplenism) or of
extramedullary haemopoiesis (e.g. myelofibrosis or megaloblas-
tic anaemia).

Figure 48.1 Nucleated red cells and an immature myeloid
precursor in the peripheral blood film of a patient with a
leucoerythroblastic anaemia.

Other causes of anaemia

Megaloblastic and dyserythropoietic anaemias are most com-
monly due to chemotherapy-induced disturbance of DNA syn-
thesis within the bone marrow. Folate deficiency may also occur
in patients with a poor diet and widespread disease. Cobalamin
(vitamin B12) deficiency due to underlying pernicious anaemia
may complicate cancer of the stomach. Both chemotherapy
and non-ionizing radiotherapy may lead to the development of
myelodysplastic syndrome (MDS), which may progress to acute
myeloid leukaemia (AML). Alkylating agents, especially mel-
phalan and chlorambucil, nitrosoureas and epipodophyllotox-
ins in particular have been implicated, and there is evidence of
a synergistic effect of these agents with small chronic doses of
radiotherapy. The principal categories of patients affected are

Figure 48.2 Bone marrow aspirate showing infiltration by
metastatic breast carcinoma.
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those who have received therapy for a haematological malig-
nancy, but patients treated for non-haematological malignan-
cies (especially ovarian and gastrointestinal carcinoma) are also
susceptible. The median latency prior to onset of MDS is 2–
3 years and AML usually supervenes 6 months to 2 years
later.

Treatment

Erythropoietin (EPO) is effective in ameliorating anaemia in
a proportion of patients with malignant disease, for exam-
ple myeloma, lymphoproliferative disorders, MDS and carcino-
mas. It is considered if the haemoglobin is less than 100 g/L
or in symptomatic patients with haemoglobin of 100–120 g/L.
Erythropoietin is not justified if the haemoglobin is above
120 g/L because of the risk of thrombosis. Patients most likely
to respond are those who have low pretreatment EPO levels
(<100 mU/mL), well-preserved marrow function and normal/
low levels of serum ferritin (<400 ng/mL). A number of studies
have demonstrated that EPO therapy can lead to a reduced need
for blood transfusion, better quality of life for patients and possi-
bly improved overall outcome of anticancer therapy. The expres-
sion of both EPO and its receptor occurs in a range of human
tumours, including breast, prostate, colon, ovary, uterine, and
head and neck squamous tumours. Caution is therefore needed
in the use of EPO to treat cancer-related and cancer-treatment-
related anaemia.

Polycythaemia

This is a rare complication of non-haematologicalmalignancy. It
usually arises through elaboration by tumour cells of erythropoi-
etin and erythropoietin-like peptides. The tumours most com-
monly associated are renal cell carcinoma and hepatoma; others
include uterine myoma, androgen-secreting ovarian tumours,
phaeochromocytoma and cerebellar haemangioblastoma. Non-
malignant conditions affecting these organs (e.g. renal cysts,
viral hepatitis) may also rarely be associated.

White cells (Table 48.4)

Neutrophilia
A raised neutrophil count is a frequent manifestation of non-
haematological malignancies. In part, the response is due to
inflammation induced by the tumour. Interaction of tumour
cells with host T lymphocytes andmononuclear phagocytic cells
leads to the production of a range of cytokines, which induce
white cell proliferation and differentiation. Tumour cells may
also secrete specific agents that directly stimulate reactive pro-
liferation. Cancer patients also frequently have opportunistic
infections, may bleed and are typically on a range of medica-
tions, all of which may influence the level of the neutrophil
count.

Table 48.4 White cell changes in malignancy.

Neutrophils increased Most, especially renal,
Hodgkin lymphoma

Neutrophils decreased Bone marrow infiltration
Hypersplenism
Chemotherapy/radiotherapy
Large granular lymphocytic
leukaemia

Basophils increased Myeloproliferative disorders
Eosinophils increased Hodgkin lymphoma

T cell lymphomas
Metastatic adenocarcinoma
Other tumours (e.g. lung)
Drug allergy
Opportunistic infection

Monocytes increased Carcinoma
Hodgkin lymphoma

Monocytes decreased Treatment induced
Lymphocytes increased Lymphoid malignancies

Postsplenectomy
Opportunistic infection

Lymphocytes decreased Treatment induced
Radiotherapy/chemotherapy
Lymphoma
Opportunistic infection

Neutropenia
This is most frequently due to chemotherapy or radiotherapy,
but may also occur with widespread marrow infiltration, for
example by lymphoma or due to LGL leukaemia.

Platelets

Thrombocytopenia (Table 48.5)
This may arise through decreased production or accelerated
peripheral destruction and/or hypersplenism. The former may
result from extensive marrow infiltration or chemotherapy or

Table 48.5 Thrombocytopenia in patients with malignant disease.

Decreased production
Chemotherapy/radiotherapy
Marrow infiltration

Accelerated destruction
Hypersplenism
DIC
Drug-induced HUS
Autoimmune
thrombocytopenia

Abbreviations in this and subsequent Tables: see text
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radiotherapy. Hypersplenism is usually due to splenic infiltra-
tion by a haematological malignancy (e.g. lymphoma, CLL), but
is rarely due to obstruction of the splenic or portal vein by hep-
atic and pancreatic malignancies. Increased destruction occurs
with DIC. Immune thrombocytopenia may occur in association
with haematological malignancy (CLL, lymphoma, MDS) and
rarely may complicate solid tumours.

Thrombocytosis
A raised platelet count is frequently seen as a reactive phe-
nomenon in patients with malignancy, but is usually less than
1000× 109/L and is rarely of clinical significance. Iron deficiency
may also cause a rise in platelets.

Platelet function abnormalities
Impaired platelet function leading to excessive bleeding is
primarily seen in myeloproliferative disorders (e.g. essential
thrombocythaemia) and MDS. Paraproteins, especially IgM in
Waldenström macroglobulinaemia and IgG in myeloma, are
frequent causes of impaired platelet aggregation and adhe-
sion. Increased platelet aggregation occurs in cancer patients
when tumour cells release adenosine diphosphate (ADP),
prostaglandins or thrombin. Increased platelet adhesiveness has
also been reported, but is probably secondary to other coagula-
tion changes.

Coagulation (Table 48.6)

Awide range of coagulation changes predispose to either haem-
orrhage or thrombosis. The distinction between activation of the
coagulation part of the haemostatic pathway (e.g. inDIC), which

Table 48.6 Coagulation changes in malignancy.

Bleeding tendency
DIC, acute or chronic
Primary fibrinolysis
Acquired platelet function defect
Thrombocytopenia
Circulating anticoagulants/inhibitors

Treatment-related bleeding disorders
Thrombotic tendency
Venous stasis: bed rest, venous compression/invasion by
tumours

Increased coagulation factors: FI, FV, FVII, FVIII, FIX, FXI
Decreased inhibitors of coagulation: low antithrombin, proteins
C and S

Direct activation of coagulation by tumour cells: FVII, FX
Indirect activation: via trypsin release, mucin secretion,
monocytes or endothelial damage

Increased platelet aggregability and adhesiveness
Thrombocytosis

leads physiologically to activation of fibrinolysis (secondary fib-
rinolysis), and primary or direct activation of fibrinolysis may
be difficult. These patients may also have other general medical
problems that affect coagulation, including infection, surgery,
chemotherapy or radiotherapy and will typically be on a range
of medications.

Disseminated intravascular coagulation (DIC)
Chronic or compensated DIC is probably underdiagnosed in
cancer patients. It occurs particularly in those with gastro-
intestinal, lung, pancreatic and breast neoplasms. Thrombosis,
including migratory thrombophlebitis (Trousseau syndrome)
and non-bacterial thrombotic endocarditis, is a frequent man-
ifestation of DIC. In contrast, acute or uncompensated DIC
is uncommon with solid tumours, but occurs frequently with
acute promyelocytic leukaemia (APL) and is associated with
excessive bleeding. The triggering event in APL is release
from the malignant promyelocytes of procoagulants and pro-
teases, which directly activate both coagulation and fibrinol-
ysis (Chapters 41 and 46). Tumour cells may activate coagu-
lation by release of tissue factor (TF). Direct activation of FX
through the action of a cancer procoagulant has been reported
in lung, kidney, colon and breast cancer. The sialic acid moi-
ety of secreted mucin can directly activate FX, whereas the
systemic release of trypsin in pancreatic tumours can also acti-
vate coagulation. Tumour cells may also activate the monocyte/
macrophage system to produce procoagulant materials includ-
ing TF and FX activators. Deep vein thrombosis is fre-
quent in patients with malignant diseases and is discussed in
Chapter 46.

Primary fibrinolysis
This is less common as a cause of increased bleeding than DIC,
but can occur, for example, in patients with prostatic cancer who
undergo surgery. The release of proteases from leukaemic cells
in both APL and monocytic leukaemia may induce fibrinolysis.
Platelet counts tend to be higher than those seen in DIC, and
fibrinogen levels are low, with raised fibrin degradation products
(FDPs).

Acquired circulating anticoagulants (Table 48.7)
The most frequent is an acquired von Willebrand syndrome
(both type 1 and type 2 disease) in patients with a paraprotein
or a B-lymphoidmalignancy. Anumber of differentmechanisms
may operate. The paraproteinmay be directed against an epitope
within the FVIII–von Willebrand factor (VWF) molecule and
inactivate it, or reduce its plasma half-life. Alternatively, immune
complexes may form that bind non-specifically to FVIII–VWF
and accelerate its clearance, or themalignant lymphoid cellsmay
adsorb FVIII–VWF onto their surface. Paraproteins may also
interfere with cross-linking of fibrin.
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Table 48.7 Circulating anticoagulants in malignancy.

Factor inhibitors
Factor V
Factor VII
Factor VIII

von Willebrand factor inhibitors
Paraproteinaemic disorders
Lymphoma
Myeloproliferative disorders
Chronic lymphocytic leukaemia

Others
Heparin-like anticoagulants: dysproteinaemias

Treatment-induced bleeding disorders
Thrombocytopenia and MAHA may occur as a result of ther-
apy (see further on). Cancer patients with poor nutrition or who
receive long-term antibiotics may develop vitamin K deficiency.
L-asparaginase induces defective hepatic protein synthesis and
can lead not only to impaired production of coagulation factors,
but also to low levels of antithrombin, plasminogen and pro-
teins S and C, and so give rise to thrombosis, most seriously of
the cerebral veins. Mithramycin, which is used in the treatment
of malignant hypercalcaemia, causes thrombocytopenia as well
as platelet function defects, coagulation factor deficiencies and
increased fibrinolytic activity.

Connective tissue disorders (Table 48.8)

Anaemia

ACD is the most common haematological abnormality seen
in patients with rheumatoid arthritis (RA). Iron deficiency
may coexist, particularly in patients taking non-steroidal anti-
inflammatory agents. Folate deficiency may occur with severe
disease and poor diet. Warm-type AIHA with IgG and com-
plement on the red cell surface is most frequently seen in sys-
temic lupus erythematosus (SLE), although it can occur in the
other connective tissue disorders, notably RA and mixed con-
nective tissue disorders. Ring sideroblasts in the marrow have
been reported in both SLE and RA, but MDS must be excluded.
Pure red cell aplasia and dyserythropoietic anaemia with inef-
fective erythropoiesis are rare complications of SLE. Haemolysis
can also occur as part of thrombotic thrombocytopenic purpura
(TTP), complicating SLE.

White cells

The inflammatory process in connective tissue disorders can
lead to a neutrophilia. Neutropenia is a feature of Felty’s
syndrome, which is associated with splenomegaly in patients

Table 48.8 Haematological changes in connective tissue disorders.

Anaemia
ACD
Iron deficiency (drug-induced blood loss)
Folate deficiency
Sideroblastic anaemia
Pure red cell aplasia (PRCA), especially systemic lupus
erythematosus (SLE)

Haemolytic anaemia: immune (especially SLE)/non-immune

White cells
Neutropenia (e.g. Felty syndrome)
Neutrophilia
Eosinophilia (e.g. Churg–Strauss syndrome, polyarteritis nodosa)

Platelets
Thrombocytopenia: immune/non-immune
Platelet dysfunction
Thrombotic thrombocytopenic purpura (TTP)
Thrombocytosis

Pancytopenia
Systemic lupus erythematosus (SLE)

Coagulation
Lupus anticoagulant
Specific factor deficiencies
DIC

Others
Myelofibrosis
Drug-related changes (e.g. aplastic anaemia due to gold,
phenylbutazone; PRCA due to penicillamine)

Cryoglobulinaemia
Amyloidosis

with RA. The pathogenesis involves increased margination of
neutrophils, sequestration of neutrophils within the enlarged
spleen, and immune-complex-mediated and humoral inhibition
of granulopoiesis in the marrow. Antibodies to mature neu-
trophils have also been detected in SLE. Lymphopenia occurs
in both SLE and RA, and may be a measure of disease activ-
ity. Eosinophilia may be seen in SLE, RA, polyarteritis nodosa
and Churg–Strauss syndrome. The pathogenesis is unknown,
but presumably involves release of cytokines by T lymphocytes.
Functional defects in neutrophil and lymphocyte function have
been reported in SLE and RA.

Platelets

Immune thrombocytopenia is a common manifestation of SLE
and also occurs in mixed connective tissue disorders, sclero-
derma, RA and dermatomyositis. Autoantibodies to platelets
may also impair platelet function. TTP is an association of SLE.
Thrombocytosis is a non-specific reaction to inflammation and
tissue damage in connective tissue disorders.
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Coagulation

A wide diversity of coagulation changes including DIC may
occur in patients with connective tissue disorders. In part, this
may be due to liver and renal disease or to drug therapy. DIC
has been reported in SLE patients who have high levels of
circulating immune complexes and resulting angiopathy. The
lupus anticoagulant (see Chapter 46) occurs as a complication in
about 10% of patients with SLE and is associated with a throm-
botic tendency, thrombocytopenia, recurrent miscarriages and
pulmonary hypertension. Specific coagulation factor inhibitors
encountered in patients with connective tissue disorders (espe-
cially SLE) include antibodies to VWF and to FVIII, FVII and
fibrinogen.

Other changes

RA is one of the commonest causes of amyloidosis. An increased
incidence of haematological malignancies (principally Hodgkin
and non-Hodgkin lymphomas and B-lymphoproliferative dis-
orders, including paraproteinaemias) occurs in SLE, RA and,
particularly, Sjögren syndrome. A wide range of haematologi-
cal abnormalities also results from immunosuppressive therapy
in these patients.

Renal disease (Table 48.9)

Anaemia

In acute renal failure, anaemia is commonly due to the drug or
condition causing the renal failure, for example haemolysis due
to sepsis or TTP. In chronic renal failure, anaemia is the most
important haematological abnormality and its management has
been revolutionized by recombinant human EPO. Patients with
acute or chronic renal failure develop a normochromic normo-
cytic anaemia, with the presence of echinocytes (burr cells) in
the blood film. The reticulocyte count is normal or slightly low,
and the bone marrow shows normoblastic erythropoiesis with-
out the erythroid hyperplasia expected at that level of anaemia.
Patients who have undergone nephrectomy tend to be more
severely anaemic than patients with polycystic disease. Reduced
EPO levels occur in renal failure and this is the dominant cause
of anaemia.
An increase in serum creatinine above 133 μmol/L is associ-

ated with the loss of the normal inverse linear relation between
plasma EPO and haemoglobin concentration, but there is no
direct correlation between reduction in glomerular filtration
rate and impairment of renal EPO production. Circulating
inhibitors of erythropoiesis have also been demonstrated, but
are not clinically significant. Red cell survival is diminished in
renal failure, but this is also a minor factor. Iron deficiency
can arise through blood loss (exacerbated by haemodialysis).

Table 48.9 Haematological changes in renal disease.

Anaemia
Failure of EPO production
Raised hepcidin
Haemolysis: Hus, TTP
Iron deficiency
Folate deficiency
Hyperparathyroidism
Aluminium toxicity

Polycythaemia
Renal cell carcinoma
Other renal diseases (e.g. cysts, hydronephrosis, nephritic

syndrome, renal transplantation)

Thrombocytopenia
HUS
TTPDIC

Platelet function abnormalities
Abnormal aggregation to ADP, adrenaline, collagen
Decreased platelet adhesiveness
Reduced platelet factor 3 availability
Acquired storage pool defect
Abnormal prostaglandin metabolism
↑ Prostacylin
Defective platelet cyclooxygenase?

Coagulation
Hypocoagulability
↓ FXII, FXI, prothrombin
↓ FXII or inhibition
Hypercoagulopathy
↓ Protein C
↓ Antithrombin
↓ Fibrinolysis

Elevated levels of hepcidin in plasma may be due to reduced
excretion of this polypeptide and so impair iron release from
macrophages. Folate deficiency arises in dialysed patients but
is now prevented by prophylactic folic acid therapy. Renal fail-
ure is associated with elevated levels of 2,3-diphosphoglycerate
and a right shift of the haemoglobin–oxygen dissociation
curve.
Recombinant EPO therapy can fully correct anaemia in renal

failure. It can be administered intravenously, subcutaneously or
intraperitoneally. Depending on the preparation used it is given
once, twice or three times a week or every fortnight. Anaemia
is corrected up to a level of 100–120 g/L at a rate of 10 g/L per
month. Subclinical iron deficiency, detected by serum ferritin,
percentage hypochromic red cells or reticulocyte haemoglobin
concentration (Chapter 3), and impaired mobilization of stor-
age iron are often present, so concomitant iron therapy is usu-
ally required. This can often be easily accomplished by the
administration of intravenous iron (Chapter 3). An impaired
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response to EPO should prompt a suspicion of iron, cobal-
amin or folate deficiency, haemolysis, infection, occult malig-
nancy, aluminium toxicity or secondary hyperparathyroidism.
Angiotensin-converting enzyme inhibitors have also been asso-
ciated with anaemia in this setting. Hypertension occurs in
about one-third of patients treated with recombinant erythro-
poietin and is dose dependent; the risk of thrombosis of an arte-
riovenous fistula is also increased.
The optimum dose of EPO is one that restores the

haemoglobin level to the normal or near-normal range and
improves symptoms without increasing the risk of thrombosis;
for most patients, this is approximately 120–125 g/L and should
not exceed 140 g/L.

Polycythaemia

Secondary and inappropriate polycythaemia may result from
either ectopic EPO production by renal tumours or regional
renal hypoxia (in benign disease and following renal transplan-
tation). Up to 5%of patients with renal cell carcinoma have para-
neoplastic polycythaemia.

Haemostatic abnormalities

Abnormal platelet function is probably due to the accumula-
tion of toxic metabolites (e.g. guanidinosuccinic and pheno-
lic acids). DDAVP (1-deamino-8-D-arginine vasopressin) ther-
apy, which leads to the appearance of large multimers of VWF,
can reduce the tendency to bleed in anaemic patients. Dysfib-
rinogenaemia has been reported rarely, whereas FDPs are often
elevated and may prolong the thrombin time. Hypercoagulopa-
thy with a predisposition to thrombosis can also occur, espe-
cially after recombinant EPO therapy. Haemodialysis with hep-
arin anticoagulation can cause platelet activation. Fibrinolytic
activity, antithrombin and protein C are all reduced in renal
failure, and FV, FVII, FVIII:C and FX are increased. Thrombo-
sis (particularly of the renal vein) is a particular feature of the
nephrotic syndrome. Platelet hyperaggregability with increased
plasma β-thromboglobulin is described and hypoalbuminaemia
may enhance the synthesis of prostaglandins involved in platelet
activation.

Endocrine disease (Table 48.10)

Both hyperthyroidism and hypothyroidism are associated with
mild anaemia, which is usually normochromic and normo-
cytic, but may be macrocytic in hypothyroidism. A raised
MCV can occur without anaemia in hypothyroidism, and a
low MCV has been described in thyrotoxicosis. Thyroid hor-
mones stimulate erythropoiesis, and tissue oxygen demands
are increased in hyperthyroidism, whereas in hypothyroidism

Table 48.10 Haematological changes in endocrine disease.

Red cells

Anaemia
Thyrotoxicosis (normochromic, normocytic or microcytic)
Hypothyroidism (normochromic, normocytic, occasionally
macrocytic)

Diabetes mellitus (usually when complicated by infection,
cardiac disease, renal failure, enteropathy)

Hyperparathyroidism (normochromic, normocytic)
Hypoadrenalism (normochromic, normocytic)
Hypogonadism (normochromic, normocytic)
Hypopituitarism (normochromic, normocytic)

Polycythaemia (pseudo)
Phaeochromocytoma
Cushing syndrome

White cells
Neutrophil leucocytosis: Cushing syndrome,
phaeochromocytoma

Lymphocytosis: hyperthyroidism
Neutropenia: antithyroid drugs
Impaired neutrophil function: diabetes mellitus

Platelets
Abnormal function: diabetes mellitus: hyperthyroidism

Coagulopathy
Diabetes mellitus: ↑ platelet aggregability, ↓ prostacyclin, ↑ FVIII,
↓ antithrombin

Oestrogen therapy: ↑ FVIII, ↑ VWF
Cushing syndrome: ↑ FII, FIV, FIX, FXI, FXII

oxygen utilization is reduced. However, plasma volume is also
increased and part of the anaemia in hypothyroidism is dilu-
tional and/or due to defective iron utilization. Coexistent defi-
ciencies of iron (due tomenorrhagia or achlorhydria, both more
frequent in hypothyroidism), folate and cobalamin must be
excluded.
There is an increased incidence of pernicious anaemia

in patients with hypothyroidism, hypoadrenalism and
hypoparathyroidism. Antithyroid drugs (carbimazole, methi-
mazole and propylthiouracil) can cause aplastic anaemia or
agranulocytosis. Anaemia in patients with diabetes mellitus
is usually due to complications of diabetes, although hyper-
glycaemia itself may lead to glycosylation of the renal EPO
receptor, shortened red cell lifespan and decreased erythrocyte
deformability. Polycythaemia (usually pseudo) can also occur
with endocrine diseases e.g. Cushings syndrome, phaeochromo-
cytoma. In anterior pituitary disease, androgen deficiency and
adrenal insufficiency, a normochromic normocytic anaemia is
common. Changes in leucocyte number and function are rarely
of clinical significance, although many have been reported.
Chemotaxis, phagocytosis and intracellular killing may all
be disturbed in diabetes mellitus. Coagulation changes may
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contribute to a mild bleeding diathesis in hypothyroidism and
to the thrombotic predisposition in diabetes mellitus.
Anorexia nervosa is usually accompanied by anaemia and a

moderate fall in white cells and platelets is frequent. The bone
marrow is hypocellular with a gelatinous deposit and necrosis
may be present. The same changes also occur in starvation and
are reversed by feeding.

Liver disease (Table 48.11)

Liver disease causes a greater range of haematological change
than does disease in any other organ, other than the bone mar-
row. The liver is an important source of EPO in the fetus,
and serves as a haemopoietic organ in utero; extramedullary
haemopoiesis occurs within the adult liver only in pathological
states (e.g. primary myelofibrosis, severe haemolysis or mega-
loblastic anaemia). The liver is the major source of thrombo-
poietin in adults.

Anaemia

Anaemia occurs in up to 75% of patients with chronic liver dis-
ease. Portal hypertension often results in splenomegaly, which
may cause haemodilution and pooling of red cells. Haemorrhage
is a frequent complication, often due to oesophageal varices,
and the red cell lifespan is shortened, even in uncomplicated
liver disease. Mechanisms that operate in ACDmay be relevant.
Macrocytosis occurs in approximately two-thirds of patients
and is particularly frequent in alcoholics, in whom reversible
sideroblastic change may also occur. Target cells occur as the
surface area of the cell increases, due to increased membrane
lipid content without an increase in volume. Echinocytosis is
fairly common because of binding of the red cell membrane by
abnormal high-density lipoproteins. In contrast, true acantho-
cytes are uncommon. They are a characteristic finding in ‘spur-
cell anaemia’ (non-immune haemolytic anaemia in patients with
alcoholic cirrhosis). Zieve syndrome, comprising haemolytic
anaemia with hypertriglyceridaemia in patients with alcoholic
liver disease, is also rare. Haemolysis due to the direct toxic-
ity of copper ions on red cells is characteristically an early pre-
sentation of Wilson disease. Reduction of hepatocyte glucose-
6-phosphate dehydrogenase (G6PD) levels in G6PD-deficient
individuals, and in neonates, may exacerbate and prolong hyper-
bilirubinaemia with haemolysis. Viral hepatitis, including hep-
atitis A, B and C, but most frequently hepatitis viruses yet to be
characterized, may lead to a transient and mild pancytopenia or
to severe aplastic anaemia (Chapter 11).

Platelets and haemostasis

These are discussed in Chapter 41.

Table 48.11 Haematological changes in liver disease.

Red cells

Anaemia
ACD
Folate deficiency
Iron deficiency (blood loss)
Aplastic anaemia (viral hepatitis, rare)
Sideroblastic anaemia (alcohol)
Hypersplenism
Microangiopathy/ DIC (rare)
Autoimmune (rare)
Zieve syndrome (rare)

Polycythaemia
Hepatocellular carcinoma (rare)
Infectious hepatitis (rare)

White cells

Neutrophilia
Infection
Haemorrhage
Malignancy
Haemolysis

Neutrophil function
Impaired chemotaxis (?due to lowered complement levels)

Neutropenia
Hypersplenism

Eosinophilia
Parasitic infestation
Chronic active hepatitis (rare)

Platelets

Thrombocytopenia
Hypersplenism, hepatic sequestration
DIC
Autoimmune (e.g. associated with viral hepatitis, primary biliary

cirrhosis)
Post liver transplantation

Thrombocytosis
Hepatoma (rare)

Impaired platelet function
Inhibitory factors (including high-density lipoprotein and

apolipoprotein E)

Other
Benign monoclonal gammopathy (biliary + other cirrhosis)
Cryoglobulinaemia (hepatitis B, hepatitis C, alcohol)

Liver transplantation

Orthotopic liver transplantation (OLT) is increasingly used for
end-stage liver disease. Thrombocytopenia is frequently present
prior to transplantation. The count tends to fall postoperatively,
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Table 48.12 Haematological changes in viral infection.

Red cells Neutropenia
Anaemia Aplasia (see above)
Autoimmune Complicating myalgic encephalitis
Measles Enteroviruses, EBV
Epstein-Barr virus (EBV) Lymphocytosis
Hepatitis Wide variety, especially early in course of infection
Cytomegalovirus (CMV) Malignant transformation
Human immunodeficiency virus (HIV) HTLV-I, EBV, HIV

Others including herpesviruses, varicella, influenza
Non-immune Platelets
Microangiopathic haemolytic anaemia Thrombocytosis (e.g. Kawasaki)

Reduced red cell production Thrombocytopenia
Marrow hypoplasia Often history of viral prodrome in childhood immune
EBV (especially in X-linked lymphoproliferative syndrome) thrombocytopenic purpura
Hepatitis viruses Autoimmune: EBV, hepatitis, rubella, CMV, HIV
HIV ↓ Production: aplasia (see above), measles, dengue, CMV,
CMV (especially after renal or bone marrow transplantation) others
Others (rare) include togaviruses epidemic haemorrhagic ↑ Consumption: disseminated intravascular coagulation

fevers, dengue (DIC)/haemolytic–uraemic syndrome (see below)

Red cell aplasia
Parvovirus B19, especially with haemolytic anaemia Coagulation changes

DIC, especially varicella, vaccinia, rubella, arbovirus with/without
White cells microangiopathy, epidemic haemorrhagic fevers
Neutrophilia Haemolytic-uraemic syndrome: coxsackievirus, mumps,
Especially HIV, influenza, hepatitis, rubella, adenoviruses, echoviruses

measles, mumps, CMV and EBV as part of nearly all viral Haemophagocytosis
infections Herpesviruses, adenoviruses, CMV

despite platelet transfusions and this may be due to platelet
sequestration in the transplanted liver. Immune thrombocy-
topenia has also been reported after OLT. Antibody-mediated
haemolysis occurs in recipients of ABO-incompatible grafts, but
the engrafted liver can also produce mild haemolysis due to
anti-recipient ABO antibody. This is a form of humoral graft-
versus-host disease (GVHD), but T cell-mediated GVHD has
also been reported after OLT. Although aplastic anaemia is a
rare complication of viral hepatitis, it may occur in as many as
30% of patients transplanted for fulminant non-A, non-B viral
hepatitis.

Congestive Heart Failure (CHF)

Between 30 and 50% of subjects with CHF are anaemic. The
causes are multiple, including chronic renal failure, elevated
cytokines causing the ACD, use of ACE inhibitors which may
inhibit erythropoiesis, haemodilution, diabetes and iron defi-
ciency due to associated gastrointestinal disorders. In some
studies intravenous iron has improved haemoglobin levels, left

ventricular ejection fraction and quality of life, and lowered
plasma CRP and BNP levels.

Infections (Tables 48.12 and 48.13)

Infection may produce a tremendous variety of haematologi-
cal changes. Many of these are covered in other sections of this
book.

Viruses

Anaemia
Haemolytic anaemia due to red cell autoantibody production,
usually of the warm type, may occur, although cold antibody
syndromes occur in measles, influenza, infectious mononu-
cleosis and mumps. Paroxysmal cold haemoglobinuria is rare
and occurs in children due to Donath–Landsteiner IgG anti-
P antibodies (Chapter 9). Non-immune MAHA may be asso-
ciated with TTP or DIC, which may be the result of viral
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Table 48.13 Haematological changes in bacterial, fungal and
protozoal infections.

Anaemia
ACD
Haemolytic
Immune:Mycoplasma, malaria, syphilis (PCH), listeriosis
Non-immune: Clostridium perfringens (toxin related),
Bartonella bacilliformis (Oroya fever)

Malaria/trypanosomiasis with microangiopathy/DIC,
septicaemia

HUS: verotoxin-producing Escherichia coli and
Streptococcus pneumoniae

Dilutional
Splenomegaly (e.g. malaria, schistosomiasis)

Blood loss
Helicobacter pylori, Ankylostoma

White cells
Neutrophilia
Virtually any bacterial/fungal infection

Neutropenia
Salmonella, Rickettsia, brucellosis, pertussis, disseminated
tuberculosis (TB)

Overwhelming septicaemia
Neutrophil function defects
Rare (e.g. Bacteroides, endocarditis)

Lymphocytosis
Whooping cough (Bordetella pertussis), Rickettsia

Lymphopenia
TB, acute bacterial infections, brucellosis

Eosinophilia
Aspergillosis, coccidioidomycosis, Chlamydia, streptococcal
infections, Ancylostoma

Eosinopenia
Common in acute Bacteroides infections

Monocytosis
Subacute/chronic infections (e.g. disseminated TB, listeriosis)

Pancytopenia
Bone marrow suppression (e.g. disseminated TB, listeriosis)
Haemophagocytosis: septicaemia
Peripheral destruction (e.g. DIC)

PCH, paroxysmal cold haemoglobinuria.

infection. Transient red cell aplasia occurs with parvovirus B19
infection in patients with haemolytic anaemias (‘aplastic cri-
sis’). This virus may also cause erythema infectiosum or fifth
disease, in children. It invades and destroys red cell progeni-
tors and the aplasia is terminated when neutralizing IgM and
IgG antibodies develop. If the virus attacks pregnant women,
it may cross the placenta and cause spontaneous abortion or
hydrops fetalis. Intravenous immunoglobulin has been used for
severe cases (e.g. in pregnancy, HIV infection and after stem cell

transplantation). Bone marrow aspirate shows characteristic
giant erythroblasts.
Pancytopenia occurs in virus-associated bone marrow apla-

sia, for example with hepatitis viruses. The presence of viruses,
either within lymphocytes or on their cell surface, may lead to
production of a range of cytokines (including TNF, IFN-α and
IFN-γ), which inhibit haemopoietic cell proliferation in vitro
and in vivo. This may cause a substantial reduction in erythro-
poiesis and is presumably the mechanism underlying neutrope-
nia and lymphopenia in viral infections. In infectious mononu-
cleosis and other viral infections such as viral hepatitis, the virus
infects B lymphocytes and the activated lymphocytes seen on the
blood film are a reactive population of T cells.

Platelets
Thrombocytopenia may occur due to multiple mechanisms.
Children with autoimmune thrombocytopenic purpura
frequently give a history of a preceding viral illness, and
autoantibody production is well described in infectious mono-
nucleosis, rubella and cytomegalovirus infections. Reduction
of bone marrow thrombopoiesis is frequently subclinical, but
it is particularly important in virus-associated aplasia and
dengue fever. Thrombocytosis can also occur in response to
viral infections.

Bacterial, fungal and protozoal infections

Anaemia
ACD can occur in acute infections, overwhelming septicaemia
and chronic or suppurative infection. Haemolytic anaemia is
less common, but can occur through both immune (e.g. cold
antibodies with anti-I specificity inMycoplasma infection) and
non-immune mechanisms. Direct red cell invasion frequently
results in severe haemolysis in infections caused by Bartonella
baciliformis, with elements of intravascular haemolysis (due
to increased red cell fragility) and extravascular haemolysis.
Clostridium perfringens produces an α-toxin (a lecithinase)
and a θ-toxin, and Staphylococcus aureus an α-toxin, which act
as haemolysins to cause severe intravascular haemolysis. DIC
and MAHA can occur in any severe bacterial, fungal or pro-
tozoal infection. HUS is associated with a range of bacterial
infections, including Salmonella, Shigella and Campylobacter
spp., but most frequently with verotoxin-producing strains of
Escherichia coli. Hookworm and schistosomiasis are two of the
most frequent causes worldwide of iron deficiency anaemia, due
to intestinal haemorrhage and in the case of schistosomiasis,
haematuria (see Chapter 3).

White cells
Neutrophilia is themost commonmanifestation. The neutrophil
response shows great individual variation, with no clear rela-
tionship to the severity of the infection. The term leukaemoid
reaction is used to describe marked leucocytosis (>50 × 109/L),
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with circulating immature forms occurring in patients with non-
leukaemic conditions, typically severe infection or haemolysis or
with generalized malignancy. Such reactions are more common
in children. Features that distinguish such a reactive leucocytosis
from chronic myeloid leukaemia include the presence of toxic
granulation, Döhle bodies, and the lack of twin peaks of neu-
trophils and myelocytes. Neutropenia can also occur with virtu-
ally any bacterial infection, although it has beenmost frequently
notedwith Salmonella,Rickettsia andBrucella. Defects of neu-
trophil function may also occur.

Platelets
Thrombocytosis is frequent in patients with chronic infections,
and during the convalescent phase of acute infections. Throm-
bocytopenia also occurs during severe bacterial or fungal infec-
tion, particularly where there is bloodstream invasion or in
intensive care patients. Certain rickettsial infections (e.g. Rocky
Mountain spotted fever) are almost always associated with
thrombocytopenia. Accelerated platelet destruction is the most
frequent mechanism and can arise through DIC or microan-
giopathy with platelet attachment to damaged endothelium.
Immune destruction can also occur. Decreased platelet produc-
tion is a less common mechanism, but may occur (e.g. in dis-
seminated tuberculosis). The inflammatory and procoagulant
responses to infections are related. TNF-α, IL-1α and IL-6 may
activate coagulation and inhibit fibrinolysis, whereas thrombin
may stimulate inflammatory pathways. In severe infection, the
end result may be endovascular injury, DIC, multiorgan failure
and death.

Haemostasis
DIC occurs frequently and may dominate the clinical picture
in certain infections (e.g. bacterial meningitis). The acute-phase
response that accompanies severe infection can lead to a rise in
a range of coagulation factors, which may contribute to throm-
bosis. Suppurative thrombophlebitis, particularly in association
with indwelling catheters, can occur in relation to both Gram-
positive andGram-negative infections. In patients with systemic
inflammation and organ failure due to acute infection, plasma
protein C levels are reduced. Activated protein C promotes fib-
rinolysis and inhibits thrombosis and inflammation and reduces
circulating levels of D-dimers and IL6.

Malaria (see also Chapter 49)
Anaemia is most marked with Plasmodium falciparum, which
invades erythrocytes of all ages (P. vivax and P. ovale invade
only reticulocytes, P. malariae only mature cells) and can give
parasitaemia levels as high as 50%. Cellular disruption and
haemoglobin digestion lead directly to haemolysis. Parasitized
cells have an increased osmotic facility and lose deformabil-
ity; they thereby become sequestered and destroyed within
the spleen, which often becomes massively enlarged. Non-
parasitized cells may then become sequestered within the spleen

and a raised plasma volume contributes to the anaemia. In addi-
tion, malarial antigens may attach to non-parasitized red cells to
give rise to a positive direct antiglobulin test and haemolysis via
a complement-mediated immune response. Acute intravascular
haemolysis with haemoglobinuria, often leading to renal failure
(‘blackwater fever’), occurs rarely in P. falciparum infection.
An inadequate bonemarrow response to anaemia is seen with

relative reticulocytopenia at times of active infection, with some
recovery after effective therapy. TNF levels are typically elevated
and ACD occurs. Leucocyte numbers may be slightly increased
or normal, but leucopoenia as a result of splenomegaly and
impairedmarrow function is characteristic. Eosinophilia is vari-
able. Thrombocytopenia is seen in nearly 70% of P. falciparum
infections and has multifactorial aetiology. Autoimmune mech-
anisms may operate as for red cells, splenic sequestration is a
contributory factor, DIC (either acute, as in blackwater fever, or
low grade and chronic) is common, and ADP release from dam-
aged red cells may lead to platelet activation and consumption.

Haemophagocytic lymphohistiocytosis
(haemophagocytic syndrome) (Table 48.14;
see also Chapters 14)

This may occur in association with a wide range of systemic ill-
ness including malignancies (e.g. lymphoma), infections (par-
ticularly viral, e.g. Epstein–Barr virus, HIV) and autoimmune
diseases. It typically manifests as fever, splenomegaly and jaun-
dice with cytopenias. It is particularly common in patients who
are immunosuppressed or who are acutely ill (e.g. septicaemic).
A familial form is recognized (see Chapter 14). Themacrophage
activation syndrome is a variant form of haemophagocytic lym-
phohistiocytosis that occurs in children with juvenile RA. Pan-
cytopenia is usual, although cytopenias affecting an individ-
ual cell lineage also occur, and coagulopathy due to associated
DIC is frequently present. Abnormal liver function commonly
coexists. The serum ferritin is usually markedly elevated. The
bone marrow (Figure 48.3) shows the presence of increased
numbers of histiocytes displaying haemophagocytosis. Myelofi-
brosis and/or marrow hypocellularity are present in a minority

Table 48.14 Conditions associated with reactive
haemophagocytosis.

Infection
Viral (e.g. herpesviruses, adenoviruses, cytomegalovirus)
Bacterial, especially tuberculosis
Fungal

Tumours
Haematological
Others

Drugs
Phenytoin
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Figure 48.3 Bone marrow aspirate showing active
haemophagocytosis, which in this patient antedated the
development of high-grade non-Hodgkin lymphoma by 6 months.

of cases. The underlying mechanisms are poorly understood.
Excessive production of cytokines (e.g. IFN-γ and TNF-α) by
dysregulatedT cells has been demonstrated. Inmacrophage acti-
vation syndrome, increased levels of IL-6, IL-8, IL-12, IL-18
andmacrophage inflammatory protein (MIP)-1α have also been
reported. Treatment should be directed at the underlying disease
process. Possible precipitating or complicating infection must
be treated after appropriate cultures have been taken. Tuber-
culosis should be excluded. Immunosuppressive therapy (e.g.
methylprednisolone) is appropriate if the condition occurs in the
setting of an autoimmune condition. Anti-TNF antibody ther-
apy has been successfully used in selected cases. Epstein–Barr
virus-associated haemophagocytic lymphohistiocytosis may be
indistinguishable from T-cell lymphoma and responds to
chemotherapy, such as etoposide-containing regimens. The con-
dition is usually of brief duration until recovery or, sometimes,
death occurs.

Haematological aspects of pregnancy
(Table 48.15)

Pregnancy poses a major physiological challenge to the
human body and a number of haematological changes
accompany it.

Anaemia

Maternal plasma volume increases by approximately 50% dur-
ing the first and second trimesters of pregnancy, whereas the
corresponding increase in red cell mass is only 20–30%, result-
ing in a dilutional fall in haemoglobin concentration. Anaemia
is defined as a haemoglobin <110 g/L in the first trimester,

Table 48.15 Haematological changes during pregnancy.

Anaemia
Dilutional
Iron deficiency
Folate deficiency
Aplastic anaemia

White cells
Neutrophil leucocytosis

Platelets
Thrombocytopenia
Immune thrombocytopenic purpura
Eclampsia

HUS
TTPHELLP syndrome (haemolysis, elevated liver enzymes,
low platelet count)

DIC
Drug induced

Coagulation
Coagulation factors: vitamin K-dependent factors FII, FVII, FIX,

FXI, FX increased, FVIII increased, von Willebrand factor
increased, fibrinogen increased

Coagulation inhibitors: protein C increased or no change, protein
S decreased, antithrombin decreased or no change

Fibrinolytic activity decreased
DIC due to: abruptio placentae, intrauterine fetal death, amniotic

fluid embolism, obstetric sepsis, eclampsia

<105 g/L in the second or third trimesters and <100 g/L post-
partum. The increase in maternal red cell mass, transfer of iron
to the fetus (which takes place largely in the third trimester) and
blood loss during labour together impose a requirement of about
800 mg of iron, so that iron deficiency frequently arises inmoth-
ers with normal or reduced iron stores. Folate requirements are
also raised during pregnancy (Chapter 5). Routine supplementa-
tion is particularly advised before and during early pregnancy to
prevent both megaloblastic anaemia and neural tube defects in
the fetus. There is a fall in serum cobalamin to below normal in
up to 30% of pregnancies which corrects postpartum. A physio-
logical rise inMCV of 5–10 fL occurs during normal pregnancy.
AIHAoccurring during pregnancy is typically severe and refrac-
tory to therapy. The infant may have transient haemolysis for
one or two months. An idiopathic direct antiglobulin negative
haemolytic anaemia rarely occurs in the third trimester which is
severe, may respond to corticosteroids or immunoglobulin and
recovers spontaneously after the pregnancy. Amicroangiopathic
anaemia is rare and associated with the HELLP syndrome (see
below). Aplastic anaemia, pure red cell aplasia and sideroblastic
anaemia have all been rarely described to have an onset in preg-
nancy with recovery spontaneously postpartum in a substantial
proportion.
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White cells

A mild neutrophil leucocytosis with a left shift and occasional
Döhle bodies occur during normal pregnancy.

Platelets

The normal range for the platelet count (140–400× 109/L) does
not alter during pregnancy; thrombocytopenia occurring dur-
ing pregnancy requires evaluation. Gestational thrombocytope-
nia complicates 8–10% of pregnancies and is characterized by
mild thrombocytopenia occurring for the first time during
pregnancy (platelets 80–150× 109/L) and is usually not associ-
ated with neonatal thrombocytopenia or significant bleeding in
the mother. Maternal immune thrombocytopenic purpura may
antedate or present during pregnancy; it is often associated with
increased levels of platelet-associated IgG, although this is a non-
specific finding and the presence of serum platelet autoantibod-
ies to platelet glycoproteins (GP)IIb/IIIa or GPIb/IX is more
specific. The management of immune thrombocytopenic pur-
pura is discussed in Chapter 49. Thrombocytopenia is regu-
larly seen in pre-eclampsia. The mechanism is unknown, but
increased aggregation is suggested, as low-dose aspirin therapy
may increase the platelet count. TTPmay occur at any time dur-
ing pregnancy, but typically before 24 weeks; the use of fresh-
frozen plasma and plasma exchange has been shown to improve
fetal outcome. HUS typically occurs within 48 hours of delivery
in an otherwise normal pregnancy.
The potentially fatal syndrome of haemolysis, elevated liver

enzymes and low platelets (HELLP) occurs in up to 10% of
pregnancies complicated by eclampsia. The existence of coag-
ulation abnormalities with red cell fragmentation suggests that
microangiopathy, DIC and endothelial damage all have a role in
its pathogenesis. Fetal and maternal outcomes are characteristi-
cally poor.
Basophilic stippling, crenated red cells and large platelets are

characteristic peripheral blood findings in acute fatty liver of
pregnancy.

Coagulation changes

Normal pregnancy is associated with a range of alterations to
haemostatic components (see Table 48.15), which combine to
give an increased risk of haemorrhage, thrombosis and DIC,
occurring in up to 40% of patients with abruptio placentae,
leading to haemorrhage and shock. Amniotic fluid embolism
typically occurs during the course of a difficult delivery in a
multiparous woman and rapidly leads to a picture of chronic
low-grade DIC, with onset over a period of 1–2 weeks. Venous
stasis resulting from the gravid uterus combines with the coag-
ulation changes to make pregnancy a hypercoagulable state;
operative delivery imposes an additional risk. Postpartum DVT
is frequent and prophylactic low-molecular-weight heparin is
given to those at high risk, e.g. with a previous DVT.

Anaemia in the elderly

The WHO defines anaemia as a haemoglobin <130 g/L in men
and <120 g/L in women. Other criteria are given by other
authors. Using the WHO criteria, the incidence of anaemia is
substantial in the elderly, e.g.>25% inmen and>20% in women
>85 years old. The incidence is higher in blacks, increases with
age and predicts for shorter survival. The main causes are ACD,
iron deficiency and renal disease, but about a third are unex-
plained. There is also an increased incidence of arterial and
venous thrombosis with increasing age. This is partly due to
increase in plasma levels of some of the clotting factors and
reduced fibrinolysis, as well as to atheromatous plaques. Elderly
subjects tend to be more sensitive than younger patients to anti-
coagulants and need careful monitoring to avoid haemorrhage.

Haematological aspects of HIV infection
(Table 48.16)

HIV infection and its treatment cause a range of haematolog-
ical effects. The newer generation of treatments with highly
active antiretroviral therapy (HAART) is changing the natural

Table 48.16 Haematological complications of HIV.

Pancytopenia
Ineffective haemopoiesis, MDS

Anaemia
Drugs: anti-HIV, supportive care (e.g. ganciclovir)
Nutritional
Bleeding/phlebotomy
Anaemia of chronic disease
Parvovirus

Thrombocytopenia
Reduced platelet survival: antibodies, infection, splenomegaly,
fever

Reduced production: megakaryocyte differentiation reduced,
CD34 reduction

Neutropenia: antibody mediated, drug induced
TTP/HUS/microangiopathy: usually treatment induced

Coagulation abnormalities
Thrombosis
Antiphospholipid antibodies plus anticardiolipin antibodies
Protein S deficiency

Malignancy
Lymphoma: non-Hodgkin/Burkitt-like, primary CNS,
Hodgkin, others

Myeloma
Acute myeloid leukaemia
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history of AIDS and increasingly turning it into a chronic dis-
ease. HAART is also less toxic, particularly to the marrow, than
the drugs it has replaced.

Pathophysiology

HIV infection suppresses haemopoiesis through the action of
cytokines (e.g. IFN-γ, TNF-α). These are elaborated by activated
lymphocytes in response to infection and have been shown to
induce progenitor cell apoptosis and reduced growth of short-
term marrow cultures. Direct infection of CD34 cells by HIV
also occurs and cross-culture experiments have demonstrated
that HIV infection impairs proliferation of CD34 cells from
AIDS patientsmore than its effect on bonemarrow stromal cells.
Morphological evidence of ineffectivemyelopoiesis is seen in the
marrow, with myelodysplastic changes in all three lineages. An
increased number of plasma cells is also frequent.

Anaemia

This is the most common abnormality, occurring in up to 80%
of patients; it may be due to a range of factors (Table 48.16).
HIV infection itself is a prominent cause of ACD. Infiltration
of the marrow by tumour, such as Hodgkin or non-Hodgkin
lymphoma, ismuchmore frequent amongHIV-positive subjects
than normal. There is also a relative reduction in EPO levels.
Treatment ofHIV infection byHAART leads to an improvement
in anaemia.
Other common causes include bleeding and infection. Cer-

tain infections, such as Mycobacterium avium and parvovirus
B19, may directly involve the marrow. Nutritional anaemia fre-
quently arises from a defective diet, and gastrointestinal disease
(e.g. due to infection or drug toxicity) is common. Vitamin B12
deficiency is seen in up to one-third of AIDS subjects and iron
and folate deficiencies are also common. Although treatment-
induced anaemia is less common in the HAART era, treatment
is a contributory factor in more than 50% of cases.

White cells

Leucopenia is frequently seen and predominantly due to
lymphopenia. Neutropenia also occurs and is multifactorial.
Granulocyte and monocyte production are reduced in HIV
infection; drug-induced changes are common and autoimmune
neutropenia also occurs. Granulocyte colony-stimulating factor
has been successfully used to improve the neutrophil count in
infectedHIV-positive subjects. Defects in neutrophil andmono-
cyte function have also been demonstrated.

Platelets

Thrombocytopenia is seen in up to 50% of HIV-infected
patients. It is usually due to increased platelet destruction. This

is often antibody mediated (immune thrombocytopenia; see
Chapter 42). HIV-specific antibodies have been shown to share
a common epitope with antibodies against platelet GPIIb/IIIa.
Non-specific absorption of immune complexes onto platelets
also occurs and predisposes to immune thrombocytopenia.
Reduced platelet production is common in HIV-positive sub-
jects and direct infection of megakaryocytes by HIV has been
described. Morphologically abnormal megakaryocytes are seen
in the marrow. Other causes of thrombocytopenia include
infection and microangiopathy. Both HUS and TTP are well
described in the setting of HIV infection, particularly in the
era before HAART. Treatment of thrombocytopenia depends on
the cause. Treatment of HIV infection using HAART frequently
leads to improvement in the platelet count. Immune thrombocy-
topenia in HIV-infected subjects is treated in the same way as in
the non-HIV population. However, immunosuppression carries
particular risks, and steroids should be used with extreme cau-
tion. Splenectomy is often effective, and anti-CD20 monoclonal
antibody therapy may also be used.

Coagulation

Coagulation abnormalities can occur in the setting of infection
and acute illness. Circulating coagulation inhibitors also occur.
Protein S deficiency may predispose to thrombosis. DIC is com-
mon in the setting of infection and HIV infection.

Other changes

Lymphoma is the commonest tumour in HIV-positive subjects
(Chapter 34). Other haematological malignancies also occur
with increased frequency, for examplemyeloma andAML.HIV-
positive subjects who develop these malignancies often display a
prolonged premalignant phase, with smouldering myeloma and
myelodysplasia frequently reported.
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Introduction

The chapter has been divided into two sections, covering trop-
ical diseases in which organisms can be visualized in the blood
or bone marrow and those that cause secondary haematological
abnormalities. Discussing the haematological aspects of tropi-
cal diseases is very important as global travel has expanded and
haematologists are increasingly involved with patients who have
travelled to, or are from, tropical regions.
In 2010, 3% of the world’s population lived outside their

country of origin. The majority were economic migrants, often
moving from tropical countries to temperate areas. The lat-
est UK Office for National Statistics indicate that 624,000 peo-
ple immigrated to the UK in the year ending September 2014,
a statistically significant increase from 530,000 in the previ-
ous 12 months. Rapid increases in worldwide travel mean that
haematologists need not only to know about the tropical dis-
eases that can cause haematological abnormalities, but also be
able to take relevant travel histories from patients and appropri-
ately interpret haematological results obtained from investiga-
tions. They also need to be aware of ethnic variations in reference
ranges to avoid wasting resources on unnecessary investigations
and to avoid causing undue anxiety for the patient.

Ethnic variations in reference ranges

The white blood cell count and relative and absolute neutrophil
counts are lower in people of African and Middle Eastern
descent than in Caucasians. After the age of 1 year, Africans

have lower counts than West Indians or African Americans
(Table 49.1). The difference is due to a greater number of neu-
trophils in the storage pool of the non-Caucasian populations.
Stimulation of a neutrophil response in these ethnic groups leads
to rises in the neutrophil count to the same level as white pop-
ulations, irrespective of the baseline level. Indian, Chinese and
Southeast Asian populations have the same white blood cell and
neutrophil counts as northern Europeans. The platelet counts in
healthy West Indians and Africans may be 10–20% lower than
in Europeans living in the same environment. It is not clear
whether there are true ethnic variations in eosinophil counts, but
counts of up to 2 × 109/L have been described in healthy blood
donors in Africa. Interpretation of variations in blood counts
should therefore take account of the individual’s ethnic back-
ground. It must be borne in mind that ‘normal’ values derived
from populations with high background prevalence of ill health
may include individuals with asymptomatic conditions.

Tropical diseases with organisms in
peripheral blood or bone marrow

Malaria

Epidemiology and biology
Until 2004, only four species of plasmodia were known to
causemalaria in humans:Plasmodium (P) falciparum,P. vivax,
P. ovale and P. malariae; since then there have been increas-
ing numbers of cases of infection by a fifth plasmodium, i.e.

Postgraduate Haematology, Seventh Edition. Edited by A Victor Hoffbrand, Douglas R Higgs, David M Keeling and Atul B Mehta.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

854



Chapter 49 Haematological aspects of tropical diseases

Table 49.1 Automated white cell (WBC) and neutrophil counts in adults of different ethnic origins (95% ranges).

Male Female

WBC (× 109/L)
Neutrophil count
(× 109/L) WBC (× 109/L)

Neutrophil count
(× 109/L)

Caucasian 3.7–9.5 1.7–6.1 3.9–11.1 1.7–7.5
Afro-Caribbean 3.1–9.4 1.2–5.6 3.2–10.6 1.3–7.1
African 2.8–7.2 0.9–4.2 3.0–7.4 1.3–3.7

P. knowlesi initially reported in South-east Asia. P. falciparum
remains by far the most dangerous and causes the greatest mor-
tality and morbidity (see Figure 49.1).
Each year for the past 10 years, over 1500 cases ofmalaria have

been imported into the UK. Over 80% of P. falciparum infec-
tions in the UK are acquired in sub-Saharan Africa, while 85%
of P. vivax infections are acquired in South Asia, especially India
and Pakistan. In 2013, 1501 cases of malaria were reported in
the UK, of which 1192 (79%) were due to P. falciparum and 179
(12%) to P. vivax; the rest were due to P. ovale and P. malar-
iae, There were seven deaths. In 2006 a case of P. knowlesi was
reported in the UK. Malaria rates were highest in immigrants
returning from visits to their countries of origin and accounted
for one-third of all reports. It has also been reported in travellers
who have transited through airports in malarious areas. The
majority of travellers had not taken malaria prevention tablets.
Malaria is transmitted by the bite of an infected female

Anopheles mosquito. The infecting agent is the spindle-shaped
sporozoite and thousands of these may be injected by a single
bite. Infrequently, transmission may also occur through blood
transfusion, bone marrow transplantation and transplacentally
(0.5% of all UK cases). There have also been reports of malaria
transmission in aircraft or near airports in temperate zones due
to infected mosquitoes being brought to non-malarious areas.

P. knowlesi is transmitted by Anopheles latens. Its absence in
Africa may partly be due to the absence of its reservoir hosts,
long-tailed and pig-tailedmacaques, in Africa. P. knowlesi is the
most common cause of malaria in childhood in the Kudat dis-
trict of Sabah, Malaysia.
Within a few hours of an infected bite, the sporozoites enter

the hepatocytes, where they divide (Figure 49.2). Rupture of
the hepatocyte releases the parasites into the blood, where they
attach to red cell membranes using specific receptors. In the red
cells, asexual replication of the trophozoites (ring forms) occurs,
giving rise to erythrocyte schizonts. The schizonts mature into
merozoites and are released into the circulation to re-infect other
red cells. The periodicity of this release varies with the species
and is responsible for the classical cyclical nature of malaria
fevers. Relapses, which can occur months or years after the pri-
mary illness, are characteristic of infection with P. vivax and
P. ovale, and are due to maturation of persistent hypnozoites in
the liver.
A few of the trophozoites develop into male and female

banana-shaped gametocytes and are taken up by the mosquito
at a blood meal. Inside the midgut of the mosquito, they
undergo sexual reproduction and sporozoites migrate to the
salivary glands, ready to infect another host when the mosquito
bites. Unlike the schizonts of P. vivax, P. ovale P. malariae
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Figure 49.2 Life cycle of the malaria parasite.

and P. knowlesi, those of P. falciparum are not commonly
seen in the peripheral blood of the human host. This is
because P. falciparum-infected cells have surface cytoadherence
molecules that enable them to be sequestered in the deep tissues.
Therefore P. falciparum schizonts only appear in the blood in
very severe infections or in splenectomized patients. Sequestra-
tion is responsible for some of the severe clinical consequences
of P. falciparum malaria, such as cerebral malaria.

Clinical features
The time between the infected bite and the appearance of clinical
symptoms and parasites in the peripheral blood varies between
species. It is 7–30 days (mean 10 days) in P. falciparum, but can
bemonths, or even years, with other species, particularlyP. vivax
and P. ovale, because of their hypnozoite stage.
All five Plasmodium species produce factors that cause

release of tissue cytokines, especially from leucocytes. These
cytokines produce fever and contribute to anaemia through
marrow suppression. Splenomegaly is a common feature of
acute malaria and mild jaundice may also occur secondary to
haemolysis. Other clinical features vary with different species.
Maximal immunity to malaria takes around 10 years to develop

and is lost over the course of 1–5 years if the individual leaves a
malarious area and is no longer exposed to infections.

Plasmodium falciparum
Plasmodium falciparum is the only species associated with
complicated and severe disease (Figure 49.3) though recently
Plasmodium vivax has also been associated with severe and
fatal disease. In P. falciparum infections, death may occur after
a single exposure to malaria, particularly in those with no
immunity, such as non-immune travellers or young children
in endemic countries. Recurrent attacks with different strains
lead to the development of clinical immunity, but not neces-
sarily to complete clearance of parasites. Parasites may there-
fore be detected in a high proportion of clinically asymptomatic
adults in endemic areas. In addition to fever with rigors, nau-
sea, and hot and cold phases, P. falciparum infection can also
present with diarrhoea and cough (Table 49.2). Serious compli-
cations include severe anaemia, cerebral involvement and failure
of major organs such as kidneys and liver.
During pregnancy, immunity to malaria is reduced and

parasite density increases. Even when parasites cannot be
visualized in the peripheral blood, they may be sequestered in
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(a)

(c)

(d)

(b)

Figure 49.3 Stages in the life cycle of Plasmodium falciparum in
Giemsa-stained thin films; the cells are not enlarged or
decolorized: (a) delicate early ring forms, (b) ring forms with
prominent Maurer’s clefts and (c) ring forms and early and late

schizonts (schizonts are not commonly seen in the peripheral
blood). (d) Ring form and schizont of Plasmodium knowlesi.
(Part (d) Source:© GEFOR 2012 (www.gefor.4t.com). Reproduced
with permission of Galeŕıa de imágenes y recursos.)

the placenta and compromise fetal development. Malaria is an
important cause of low birth weight in neonates and anaemia
in pregnant women, both of which have a detrimental effect on
the later development of the infant.

Plasmodium malariae
The incubation period of P. malariae may be several weeks. It
is associated with recurrent fever, anaemia and enlargement of
the liver and spleen. Without treatment or following incomplete

treatment of the primary infection, re-crudescences may occur
with decreasing severity over many years. Clinical symptoms
of malaria have been reported up to 30 years after the initial
infection.

Plasmodium vivax and Plasmodium ovale
These species cause a similar clinical picture with bouts of
fever occurring periodically up to 5 years after the initial infec-
tion. These are relapses, due to reinvasion of red cells by
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Table 49.2 Clinical features of P. falciparum malaria infection.

Target organ Clinical features
Potential common
misdiagnosis

Gastrointestinal Diarrhoea, vomiting Traveller’s diarrhoea
Respiratory Cough, pulmonary

oedema
Pneumonia, cardiac

failure
Neurological Delirium, coma,

convulsions, focal
neurological signs

Encephalitis, menin-
goencephalitis

Renal Oliguria,
haemoglobinuria

Nephritis

Hepatic Jaundice,
hypoglycaemia

Hepatitis

Haematological Anaemia,
splenomegaly

Viral infection,
lymphoma

hypnozoites. The trigger for hypnozoites to reactivate after dor-
mancy is unknown.

Plasmodium knowlesi
The incubation period of P. knowlesi infection is about 11 days.
It causes severe, and occasionally fatal, malaria. This is because
the parasite invades red cells of all ages and has a short life cycle
of 24 hours.

Haematological abnormalities
Normochromic normocytic anaemia is common in malaria,
particularly in children, but the degree and rapidity of onset
are variable. The haemoglobin may fall by up to 20 g/L each
day. In malaria-endemic regions, chronic anaemia due to nutri-
tional deficiencies, intestinal helminths, HIV infection and
haemoglobinopathies may be compounded by anaemia due to
malaria. In chronically anaemic patients, the oxygen dissocia-
tion curve is shifted to the right so they are better able to toler-
ate further falls in haemoglobin. The clinical effects of anaemia
in malaria are therefore due to a combination of the degree and
rate of fall of haemoglobin.
Anaemia due to malaria has multiple aetiologies: red cells

containing parasites are removed from the circulation by the
reticuloendothelial system; there is accelerated destruction of
non-parasitized cells and dyserythropoiesis in the bonemarrow.
Both parasitized and non-parasitized red cells lose deformabil-
ity and the high shear rates in the spleen enhance their removal.
In acute malaria, reticulocyte response is suppressed and ery-
thropoietin levels are elevated, although this may be less than
expected for the degree of anaemia.
Uncommon complications of malaria that can exacerbate

the anaemia are hyper-reactive malarial splenomegaly (HMS)
and ‘blackwater fever’. HMS is characterized by massive

splenomegaly with hypersplenism (see later) and occurs as a
result of a disordered immune response to malaria. Black-
water fever is associated with severe intravascular haemolysis
with haemoglobinuria, and can lead to acute renal failure. It
has been associated with antimalarial drugs, particularly
quinine, and may be associated with glucose-6-phosphate
dehydrogenase (G6PD) deficiency.
The high prevalence of severe anaemia in areas with intense

malaria transmission has generally been ascribed tomalaria, but
studies in Malawian children have suggested that the anaemia is
multifactorial, with bacteraemia, malaria, hookworm, HIV and
deficiencies of G6PD, vitamin A and vitamin B12, but not iron
and folate deficiency, being important.
Case fatality rates of children with severe anaemia in Africa

are 9–18% and mortality rises steeply at haemoglobin con-
centrations of less than 40 g/L. Severe decompensated malar-
ial anaemia can be accompanied by hypovolaemia and acidosis
and therefore requires careful rehydration (not with rapid fluid
boluses which may be harmful) and blood transfusion.With the
risks associated with transfusions, it is important to prevent and
adequately treat themilder forms of anaemia so that transfusions
can be avoided. Antimalarial prophylaxis, prompt treatment of
malaria and avoidance of mosquito bites are valuable in reduc-
ing malaria infections and anaemia in vulnerable groups, such
as pregnant women and young children.
The white cell count in malaria is usually normal, but may be

raised in severe disease. Other white cell changes that have been
described in malaria include a leucoerythroblastic response,
monocytosis, eosinopenia and a reactive eosinophilia during the
recovery phase. Neutrophil activationmay be apparent in severe
malaria. Thrombocytopenia due to increased splenic clearance,
and thus increased platelet turnover and raised thrombopoietin
levels is usually mild with counts around 100× 109/L, but can be
marked in P. knowlesi infection. Pancytopenia without massive
splenomegaly has also been described.
The bone marrow of patients with acute malaria due to

any of the species shows prominent dyserythropoiesis. This
may persist for weeks after the acute infection and is caused
by intramedullary cytokines produced by the infection. Ery-
throphagocytosis and macrophages containing malaria pigment
are frequently seen in marrow samples.
Although malaria is associated with thrombocytopenia and

activation of the coagulation cascade and fibrinolytic system,
bleeding and haemorrhage are uncommon, even though the
prothrombin and partial thromboplastin times may be pro-
longed. Disseminated intravascular coagulation is not thought
to be important in the pathogenesis of severe malaria. Fib-
rinogen levels are often increased and there is rapid fibrino-
gen turnover with consumption of antithrombin and factor XIII
resulting in increased fibrin degradation products. Micropar-
ticle formation from platelets, red cells and macrophages also
causes widespread activation of blood coagulation. Malaria also
results in increased levels of circulating active von Willebrand
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factor. Haematological indicators of a poor prognosis in severe
malaria include:
� leucocytosis >12 × 109/L;
� severe anaemia (packed cell volume <15%);
� thrombocytopenia <50 × 109/L;
� prolonged prothrombin time (>16 s);
� prolonged partial thromboplastin time (>40 s);
� reduced fibrinogen (<2 g/L);
� hyperparasitaemia >100,000/μL (high mortality >500,000/
μL);
�
>20% of parasites are pigment-containing trophozoites and

schizonts;
�
>5% of neutrophils contain visible malaria pigment.

Genetic haematological protection mechanisms
Plasmdium vivax and P. knowlesi needDuffy blood group anti-
gen as a receptor to enter red cells. This antigen is absent in at
least two-thirds of all Africans who consequently have a nat-
ural resistance to infection with P. vivax and P. knowlesi. Hb
AS has a substantial (up to 10 times) protective effect against
severe malaria and a similar, but less marked protection is asso-
ciated with other genetic red cell abnormalities such as G6PD
deficiency, thalassaemia trait and Hb C trait.

Diagnosis
Microscopy
Direct visualization of parasites by light microscopy using a
combination of thick and thin blood films is the gold-standard
diagnostic technique for malaria (Table 49.3 and Figure 49.3). A
Romanowsky stain (e.g. Field, Giemsa, Leishman) pH 7.2 is used
so that the parasite cytoplasm stains blue and the nuclear chro-
matin red. A thick blood film examined by two observers, each
viewing a minimum of 200 high-power fields, should be used as
the first screening tool as it allows larger volumes of blood to be
examined than the thin film. However, the parasites appear dis-
torted due to the process of lysing the red cells so this method
cannot be used for parasite morphology and speciation. A thin
blood film should be performed on any sample that yields a pos-
itive or uncertain result. This allows visualization of undistorted
parasites and of the size and shape of the red cells, so speciation
and quantification (parasites/μL) can be carried out. However,
the thin film has low sensitivity because of the small amount of
blood that can be examined.
The disadvantages of basing a diagnosis of malaria on blood

film examination include the following:
� An initial negative film does not excludemalaria: at least three
films taken during episodes of fever should be examined in the
absence of antimalarial drugs to confirm a negative blood film.
� A positive film does not prove that symptoms are due to
malaria: asymptomatic parasitaemia is common in adults from
endemic areas.
� P. malariae and P. knowlesi cannot be distinguishedmorpho-
logically.

� Parasites, particularly P. falciparum gametocytes, may be
washed off the slide during staining and bulk stainingmay result
in transfer of parasites between slides.
� Parasite density does not necessarily correlate with disease
severity, although heavy parasitaemia (>5% of red cells infected)
indicates a poor prognosis.
Malaria pigment may persist in phagocytic cells for several

weeks after an acute attack and may be helpful in retrospective
diagnosis of malaria. Automated haematology analysers may
produce an abnormal pattern on the white cell differential count
histogram. Debris below the white cell threshold may be due to
malaria parasites andmanual examination of blood films is indi-
cated if this pattern is flagged up by the analyser.

Antigen detection
Rapid diagnostic tests for malaria are based on detection of the
malaria antigen histidine-rich protein (HRP)2 or parasite lac-
tate dehydrogenase (pLDH). They have been incorporated into
immunochromatographic antigen-capture kits for rapid diagno-
sis. The sensitivity of these dipstick strip tests approaches that
of thick film microscopy (i.e. 0.002% parasitaemia equivalent
to 100–200 parasites/μL of blood). HRP2 protein may remain
positive for 14 days after successful treatment and false positives
due to rheumatoid factor have been reported. pLDH is only pro-
duced by viable parasites so it becomes negative 2–3 days after
successful treatment. These tests should not replace microscopy,
but are useful in on-call or emergency situations or when no
experienced microscopist is available.

Antibody detection
Malarial antibodies can remain in the blood after the eradication
of parasites, so their detection is not useful for diagnosis in the
acute attack. The main uses of malarial antibody detection are
for excludingmalaria as a cause of recurrent fever, for population
surveys and as a screening test for blood donors in non-endemic
areas.

DNA-based methods
DNA probes have been developed for malaria diagnosis, but
their use is generally restricted to research and epidemiolog-
ical surveys. Although the current prevalence of P. knowlesi
infections is relatively low, it may be misdiagnosed as P. malar-
iae, especially when microscopy is used. P. knowlesi can only
be accurately distinguished from P. malariae using PCR assay
and/or molecular characterization.

Haematological implications of treatment for
falciparum malaria
Current widely recommended first-line treatment for malaria is
with combination therapy which includes artemisinin.
Pyrimethamine is used in combinationwith a long-acting sul-

fonamide, such as sulfadoxine (as in Fansidar), a dihydrofolate
reductase inhibitor, which may therefore induce megaloblastic
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Chapter 49 Haematological aspects of tropical diseases

anaemia and other cytopenias. The sulfur component of these
combinations may also cause methaemoglobinaemia.
Dapsone acts by inhibiting the synthesis of dihydrofolic acid

and is used as part of a fixed combination with proguanil or
chlorproguanil. It may be associated with haemolytic anaemia,
methaemoglobinaemia and eosinophilia.
Primaquine, an inhibitor of protein synthesis, is active against

the hypnozoites of P. vivax and the gametocytes of P. falci-
parum. It causes oxidant haemolysis in patients withG6PDdefi-
ciency and, rarely, methaemoglobinaemia.
Quinine is usually reserved for life-threatening infections,

especially in endemic countries. It acts by disrupting the food
vacuole of the parasite. Rarely, it is associated with immune
thrombocytopenia and severe intravascular haemolysis.
Mefloquine, halofantrine and artemisinin-related compounds

do not commonly cause significant haematological side-effects.
A combination of artemether and lumefantrine (Coartem or
Riamet) is commonly used as first-line treatment in endemic
areas.
Some antibacterial drugs, such as doxycycline, clindamycin,

trimethoprim and sulfonamides, have also been used for their
antimalarial effect and may be associated with haematological
side-effects.
For malaria due to P. vivax, P. ovale, P. malariae and

P. knowlesi, chloroquine is still widely used for treatment, as
resistance is generally low; primaquine is added to prevent
relapses in vivax, ovale and knowlesi malaria.

Warfarin and malaria chemoprophylaxis
Travellers on warfarin should begin malaria chemoprophylaxis
one week (2–3 for mefloquine) before travelling and the INR
should be stabilized before travel.

Babesiosis in the differential diagnosis of
malaria
Babesiosis is not a tropical disease, but is briefly describedhere as
it can be confused clinically and haematologically with malaria.
Babesiosis is endemic in the north-eastern and upper midwest-
ern regions of theUSA and is found sporadically in other parts of
the USA, Europe, Asia, Africa and South America. It is primarily
a disease of animals and rarely infects humans. It is due to a pro-
tozoan parasite transmitted by the bite of the ixodid tick. Follow-
ing the bite, the organisms penetrate red cells, where they take on
an oval, round or pear shape and multiply by budding. The ery-
throcytic ring forms of Babesia microti and B. divergens may
be confused with malaria P. falciparum rings, but they do not
produce pigment or cause alterations in red cell morphology. A
minority of organisms take on a folded shape and are thought to
be gametocytes.
Babesiabovis,B.microti andB. divergens are responsible for

the majority of human infections. The consequences of babesio-
sis can range from asymptomatic infection to severe and occa-
sionally fatal outcomes. Most of the cases reported from Europe

have been due to B. divergens and occurred in patients with-
out a functioning spleen. In North America almost all the cases
have been due to B. microti, which usually produces a subclini-
cal infection. Specific laboratory diagnosis of babesial infection
ismade bymorphological examination of Giemsa-stained blood
smears, serology and amplification of babesial DNA using poly-
merase chain reaction.

Filariasis

Epidemiology and biology
There are two groups of human filariasis: those that occur in
the blood (lymphatic filariasis) and those that occur in the skin
(onchocerciasis). Only lymphatic filariasis is considered in this
chapter, as it is associated with detectable organisms in the
peripheral blood.
Three species of filarial worms cause lymphatic filariasis in

humans and are relevant for haematologists, Wuchereria ban-
crofti, Brugia timori and Brugia malayi. They have different
geographical distributions, with W. bancrofti being the most
widespread. More than 90% of infections due to W. bancrofti
are found in Asia, although it also occurs in Africa, America
and the Pacific islands. Filariasis due to B. malayi occurs in
China, Indo-China, Thailand, Malaysia, Indonesia, the Philip-
pines and south-west India, Brugia timori has predominantly
been reported in Indonesia (Figure 49.4).
The worms are 4 mm (male) to 10 mm (female) in length

and can live for over 10 years in the lymphatics. Microfilariae,
which are 250–300 μm long, are produced by the female worm
and released into the blood after 3–8 months, where they may
live for up to 1 year. Microfilariae densities can reach 10,000/mL
but are usually much lower. They exhibit daily periodicity in
the blood and this timing is designed to match the biting habits
of their mosquito vectors, culicine and anopheline mosquitoes.
The microfilariae develop into infective larvae in the mosquito
and pass into the proboscis, ready to be transmitted into a
new host.

Clinical presentation
There is wide variation in the presenting features of lymphatic
filariasis, which may occur 6 months or more after the infective
bite. The symptoms and signs are due to lymphangitis. There are
recurrent bouts of fever with heat, redness and pain over lym-
phatic vessels. In fair-skinned people, the lymphangitis can be
seen to spread distally (i.e. the opposite direction to septic lym-
phangitis). InW. bancrofti infection, these repeated episodes of
inflammation eventually result in the typical chronic picture of
filariasis, including hydrocele, lymphoedema and elephantiasis,
chyluria and tropical pulmonary eosinophilia. The clinical pic-
ture inB. malayi infection is similar, but it does not cause hydro-
cele or chylous urine. B. timori causes lymphodema character-
istically limited to the leg below the knee.
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Figure 49.4 Global distribution of lymphatic filariasis.

Other filariae with blood-inhabiting larvae
Loa loa
This occurs in the rain-forest belt of Africa, especially West
Africa. The adult worms migrate through the subcutaneous tis-
sues, including the conjunctiva, and occasionally can be seen
passing across the eye.

Mansonella perstans
This is a common infection in Africa. It can cause angioedema,
pruritus, abdominal pain and eosinophilia. These organisms
often coexist in the blood with W. bancrofti, but can be distin-
guished by their smaller size and absence of a sheath.

Mansonella ozzardi
This is probably non-pathogenic and occurs in the West Indies
and South America. The adult worm lives in the body cavities
and mesentery, rarely causing any symptoms.

Haematological abnormalities in filariasis
Eosinophilia is the major and most frequent haematological
abnormality produced by lymphatic filariasis. Tropical pul-
monary eosinophilia is an unusual complication of filaria-
sis and is due to an immunological hyper-responsiveness to

microfilariae in the lungs. It is more common in men than
women. Although microfilariae are absent from the blood in
this syndrome, they may be seen in lung biopsies and adult
worms can be visualized in lymphatics on ultrasound. There is
an extreme eosinophilia, with eosinophil counts of greater than
10 × 109/L; the level of eosinophilia is not related to the severity
of symptoms. A study of filariasis in India in 2013 found that,
in addition to eosinophilia, there was leucocytosis, neutrophila,
thrombocytosis, raised erythrocyte sedimentation rate and
raised mean corpuscular volume. Haemoglobin, total red cell
count, lymphocytes, basophils, monocytes, mean corpuscular
haemoglobin and mean corpuscular haemoglobin concentra-
tion were reduced. In tropical pulmonary eosinophilia, diethyl-
carbamazine treatment reduces the eosinophil count and pro-
duces resolution of symptoms. This rapid response to treatment
distinguishes filariasis from other causes of marked eosinophilia
associated with helminths such as Ascaris, Strongyloides,
Schistosoma subsp. trichinosis and Toxocara.

Diagnosis of filariasis
The adult worms residing in the lymphatics are inaccessible,
so diagnosis is based on finding microfilariae in the peripheral
blood. The level of filaraemia is inversely related to the clinical
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signs because much of the damage is due to immunological
responses to the microfilariae rather than to the organisms
themselves. Furthermore, the presence of microfilariae does not
necessarily mean that they are causing clinical problems and,
conversely, a lack ofmicrofilariae in the blood does not exclude a
diagnosis of filariasis. The peripheral blood findingsmust there-
fore be assessed in the context of the clinical picture.
To optimize the chances of finding scant microfilariae in the

blood, the sample should be taken at the appropriate time for the
expected peak concentration of microfilariae (i.e. around mid-
night or midday for nocturnally and diurnally periodic forms,
respectively). There are many techniques for demonstrating
microfilariae in the laboratory. The simplest method is a wet
preparation of fresh blood. Microfilariae will survive in venous
blood collected into EDTA for 2 days at room temperature.
Motile microfilariae can be seen on a slide under low power and
can be counted in a counting chamber. Numbers ofmicrofilariae
may be low, requiring concentration techniques such as blood
filtering.
For species identification, thick and thin blood films should

be stained with Giemsa or haematoxylin and the microfilariae
differentiated according to the pattern of their sheaths, nuclei
distribution and size (Figure 49.5). The edges of the film should
be examined carefully as microfilariae tend to be concentrated
at the periphery and are easily missed unless the whole film is
scanned at low magnification.
Detection of circulating antigen by enzyme-linked

immunosorbent assay (ELISA) or immunochromatography
(ICT) has replaced microscopy for the diagnosis of bancroftian,
but not brugian, filariasis. An antigen ICT card test is available
for the detection of W. bancrofti, which does not react with
other filariae and is highly sensitive (100%) and specific (92%).
Filarial DNA can be detected by PCR, and ultrasound scans
can help identify adult worms within the lymphatic system.

Serological tests are not very helpful as most individuals from
endemic areas have antibodies to crude filarial antigens and
there is cross-reactivity with other filariae and nematodes.

Haematological implications of treatment for
filariasis
Oral diethylcarbamazine is the drug of choice in all forms of
lymphatic filariasis, including subclinical infection. Alternative
treatments include combinations of albendazole and ivermectin.
None of these drugs has common, serious haematological side-
effects. Depletion of Wolbachia endobacteria, a symbiont of
Onchocerca, by tetracycline antibiotics leads to long-lasting
sterility of adult female worms.

African trypanosomiasis (sleeping sickness)

Epidemiology and biology
African sleeping sickness is caused by the haemoflagellate
protozoa Trypanosoma brucei gambiense in West and Cen-
tral Africa, and T. brucei rhodesiense in eastern Africa (Fig-
ure 49.6). These parasites are fusiform in shape, 12–35 μm long
andmorphologically indistinguishable from each other. The dis-
ease is transmitted by the bite of the tsetse fly, which is only found
inAfrica. The trypanosomesmultiply by fission in the vicinity of
the infected bite and are then disseminated by the bloodstream.
Congenital transmission has also been described.
The distribution of African sleeping sickness is determined by

the ecological limits of the tsetse fly vector and lies in the region
between Senegal and Somalia (Latitude 14◦ north) and the Kala-
hari and Namibian deserts (Latitude 20◦south). Sleeping sick-
ness is an important public health problem in Central African
Republic, Chad, Democratic Republic of Congo, Côte d’Ivoire,
Guinea,Malawi, Uganda andUnited Republic of Tanzania. Dur-
ing recent epidemic periods, the prevalence reached 50% in

(b)(a)

Figure 49.5 Microfilariae ofW. bancrofti in thick film: (a) microfiliaria showing the negative impression of the sheath (× 365); (b) tail of
the microfilaria showing that the nuclei do not extend into the tail (× 912).
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Figure 49.6 Global distribution of African trypanosomiasis.

several villages in the Democratic Republic of Congo, Angola
and southern Sudan. Improved surveillance has consistently
reduced the number of new cases over the last two decades. For
the first time in 50 years, the number of reported cases dropped
below 10,000 (9878) in 2009 and the decline has continued; 3796
cases were recorded in 2015, the lowest since data collection
started 75 years ago.

Clinical features
The bite of a tsetse fly is very painful and causes a small indurated
lesion that may persist for some days. The local multiplication
of the trypanosomes may cause a marked inflammatory reac-
tion (a chancre) that regresses after 2–3 weeks. Entry of the try-
panosomes into the bloodstream is associated with fever, which
tends to be less marked inWest African trypanosomiasis than in
the East African variety. East African trypanosomiasis is primar-
ily a disease of cattle and only enters human hosts by accident. It
is therefore less well tolerated than West African sleeping sick-
ness, having a more aggressive course and intense symptoms.
The early stages of sleeping sickness can be associated with

prominent lymphadenopathy, particularly of the posterior cervi-
cal nodes, andmild splenomegaly. These featuresmay be sugges-
tive of infectious mononucleosis, tuberculous lymphadenitis or

a lymphoproliferative disorder. Severe anaemia, haemorrhages
and petechiae may occur at this stage.
Both types of African sleeping sickness cause a protracted

febrile illness which, despite the name, is not always associ-
ated with drowsiness. Death is inevitable if the disease is left
untreated. As the disease progresses, parasitaemia decreases,
trypanosomes invade the central nervous system (CNS) and
neurological disturbances due to inflammatory chronic menin-
goencephalitis supervene. InWest African trypanosomiasis, the
disease runs its course over several years, but in East African
trypanosomiasis infection CNS involvement may occur within
weeks.

Haematological abnormalities
The aetiology of the anaemia in sleeping sickness is multi-
factorial, but primarily due to phagocytic removal of immune
complex-coated red cells from the circulation. Trypanosomes
liberate haemolytic factors that contribute to this process, and
increases in plasma volume cause a dilutional anaemia. There is a
failure to incorporate iron into red cell precursors and the result-
ing dyserythropoiesis means that the bone marrow is unable to
compensate for the fall in haemoglobin. There may be a mod-
erate leucocytosis with increased monocytes, lymphocytes and
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plasma cells. Mott morular cells have also been described in
sleeping sickness. The bone marrow is hypercellular, with fat
cell atrophy, focal loss of haematopoietic cells and deposition
of extracellular gelatinous substances, which histochemically are
mucopolysaccharides, rich in hyaluronic acid.
As the disease advances, a bleeding tendencymay develop due

to thrombocytopenia, vascular injury and coagulopathy. Platelet
dysfunction has also been described and is manifest as clumping
and abnormal aggregation responses. DICwith raised FDPsmay
occur in the later stages. Although some of these haematologi-
cal changes can be linked to the non-specific polyclonal activa-
tion of B cells, overall the underlying mechanisms are not well
understood.

Diagnosis
Trypanosomes can be seen on stained thin blood films, but the
number of trypanosomes in the circulation can vary consider-
ably and is often low, so concentration techniques are usually
required. Quantitative buffy coat method is the technique of
choice for diagnosis of African sleeping sickness. This involves
concentrating the trypanosomes at the plasma–platelet interface
in a special microhaematocrit tube using differential centrifu-
gation. Parasites are identified by labelling with the fluorescent
marker acridine orange.
Wet preparations of fluid aspirated from the lymph nodes,

bone marrow or cerebrospinal fluid (CSF) may also reveal live
motile organisms. This technique is more likely to be produc-
tive in the case of infection with T. brucei rhodesiense than
T. brucei gambiense. The organisms are fragile, so care must
be taken not to damage them when making the smears. The
highly specific and sensitive serological card agglutination test
for trypanosomiasis (CATT) may be used in conjunction with
a direct visualization method. If these tests are positive, then
CSF examination is mandatory to determine the stage of the
illness.

Haematological implications of treatment
Pentamidine and suramin are the drugs of choice for the early
stages of West and East African trypanosomiasis, respectively.
They have a cure rate of around 90%, but are only able to achieve
modest CSF concentrations so they cannot be used for later
stages of the disease. The most common haematological side-
effects of pentamidine are leucopenia, thrombocytopenia and
anaemia. Suramin has serious side-effects, including haemolytic
anaemia and bone marrow toxicity.
Melarsoprol, an arsenic-based compound, has been the drug

of choice for late-stage sleeping sickness, but is highly toxic, with
amortality of 4–12%. Itsmain adverse effect is a fatal encephalo-
pathic syndrome; haematological toxicity is not a problem.
Eflornithine is expensive, but is of benefit in late-stage, particu-
larly West African, disease; 25–50% of patients treated with this
drug exhibit bone marrow toxicity with pancytopenia.

American trypanosomiasis (Chagas disease)

Epidemiology and biology
Chagas disease is caused by T. cruzi, which is transmitted by
triatomine bugs that infest poor-quality housing. It can also be
transmitted through blood transfusions and congenitally. It was
restricted to a region in theAmericas betweenArgentina and the
southern states of the USA; however, because of increasing pop-
ulationmobility between LatinAmerica and the rest of theworld
it is now detected in other parts of the United States of America,
Canada, many European and some Western Pacific countries.

Clinical features
The incubation period is usually 7-14 days but may exceed
40 days if transmission was through blood transfusion. In
the acute phase, swelling at the site of entry of the organism
(chagoma), may be accompanied by fever, hepatosplenomegaly
and lymphadenopathy. The trypanosomes multiply intracellu-
larly in muscle tissue, particularly the heart, colon and oesopha-
gus. Once infection has occurred, the organisms will be present
for life unless treatment is given. The chronic phase of the dis-
ease is associated with heart disease in 30% of cases, manifesting
as arrhythmias and cardiomegaly. A small proportion of patients
have involvement of the gastrointestinal tract and other hollow
organs, resulting in loss of peristalsis, organomegaly and organ
failure. Asymptomatic infection is common and poses a prob-
lem for blood transfusion services, so some countries routinely
screen blood for American trypanosomiasis. Many cases do not
become symptomatic until the chronic stage, which can occur 5
to 40 years after infection.

Diagnosis
Microscopy of blood smears can be helpful, but only in the
acute phase of infection when parasites are circulating in blood.
Sensitive serological tests based on enzyme immunoassay or
immunofluorescence are therefore more commonly used as the
primary diagnostic tool. Diagnosis is generally made based on
at least two different serologic tests. PCR may also be useful.

Haematological implications of treatment
Treatment of T. cruzi infection is with nifurtimox or benznida-
zole and if started early, the disease is curable. Major haema-
tological side-effects are uncommon with either drug, although
agranulocytosis has been reported with benznidazole.

Leishmaniasis

Epidemiology and biology
Visceral and cutaneous leishmaniases are caused by protozoan
flagellates that are transmitted through the infective bite of a
phlebotomine sandfly. Leishmaniasis is second only to malaria
as the most common parasitic cause of mortality. Following
an infected bite, parasites spread from the inoculation site to
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Highly endemic countries Figure 49.7 Global distribution of
visceral leishmaniasis.

the mononuclear phagocytic system. Only the visceral form
(kala-azar) is associated with organisms in haemopoietic tis-
sues and thus is considered here. Visceral leishmaniasis is due
to the species Leishmania donovani and L. infantum. In 2013,
it was endemic in 75 countries throughout theworld, with exten-
sion limits from 45◦ N to 32◦ S. Over 90% of cases occur in
Bangladesh, Brazil, Ethiopia, India, South Sudan and Sudan
(Figure 49.7). A concomitant HIV infection increases the risk
of developing active visceral leishmaniasis by between 100 and
2320 times. In southern Europe, up to 70% of cases of visceral
leishmaniasis in adults are associated with HIV infection.

Clinical features
This depends on both the genotypic potential of the parasite and
the immunological response of the patient. Incubation period
varies from days to years but is generally 2–6 months. Onset can
be sudden with high fever, or gradual with intermittent fever.
Diarrhoea, joint pain, weight loss and bleeding gums occur in
the acute phase. This is followed by progressive muscle wast-
ing, protuberant abdomen, fever, weight loss, anaemia and hep-
atosplenomegaly. The splenomegaly appears early and worsens
with the duration of the disease, so that eventually it may reach
into the left hypochondrium. In immunocompromised patients,
such as transplant recipients and those with advanced HIV dis-
ease, kala-azar behaves like an opportunistic infection.

Haematological abnormalities
Normochromic normocytic anaemia is a frequent feature, and
haemoglobin levels of 70–100 g/L are common. The massive
splenomegaly results in hypersplenism with consequent pancy-
topenia. Liver dysfunction with jaundice, ascites and deranged
coagulation may occur in the late stages and has a poor

prognosis. The bleeding tendencymay be exacerbated by throm-
bocytopenia. In all patients with unexplained splenomegaly,
pancytopenia or fever, a high index of suspicion of leishmani-
asis needs to be maintained to prevent fatalities.

Diagnosis
Definitive diagnosis is based on detection of the parasites, or
their DNA, in smears of bone marrow, splenic aspirate or fluid
aspirated from enlarged lymph nodes.
On microscopy Leishmania are usually seen as intracellu-

lar amastigotes in mononuclear cells, but can also be seen
extracellularly (Figure 49.8). They are 2–6 μm in diameter and

Figure 49.8 Bone marrow aspirate of leishmaniasis infection
showing a macrophage containing numerous organisms. The
presence of both a nucleus and a small paranuclear kinetoplast
gives the organisms their characteristic ‘double-dot’ appearance
(MCG × 940).
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contain a nucleus lying close to the rod-shaped kinetoplast, and
an internal flagellum. Using a Romanowsky stain, the nucleus
and kinetoplast stain purple and can be clearly distinguished.
Amastigotes can be seen in both bone marrow aspirates and in
trephine-impression smears. They are rarely seen in peripheral
blood and then only in buffy coat preparations.
Microscopy is less sensitive thanmolecular diagnosis, particu-

larly when there is coinfection with HIV. PCR can be performed
on lesion aspirate, marrow, blood and biopsy material. The indi-
rect fluorescent antibody tests ELISA and DAT are useful for
detecting antibodies to visceral leishmaniasis, but results may be
inconclusive in immunosuppressed patients.

Haematological implications of treatment
For decades, the treatment of leishmaniasis has been based on
pentavalent antimonials, although their mode of action is still
unclear. Sodium stibogluconate is the most commonly used.
It can be associated with worsening anaemia and thrombocy-
topenia, although its most detrimental effects are on cardiac
function. Resistance levels to antimonials are high in coun-
tries like India, Bangladesh, Brazil and Sudan, so other options
including amphotericin, paromomycin and miltefosine need to
be considered. HIV-coinfected patients do not respond well to
antimonials, so for these individuals amphotericin is the drug
of choice. Amphotericin commonly causes normocytic nor-
mochromic anaemia, but its most serious toxicity is related to
renal, cardiac, neurological andhepatic dysfunction. Side-effects
can be reduced by using the liposomal preparation. Immuno-
compromised patients may require prophylaxis to prevent
relapses.

Tropical diseases associated with changes
in FBC and / or coagulation

Hookworm infection

Hookworms (Ancylostoma duodenale) and Necator ameri-
canus) are common in the tropics and subtropics and affect
600 million people worldwide. They cause significant iron defi-
ciency anaemia in all age groups, including 30–50% of anaemia
in pregnancy. The hookworm eggs are generally transmitted
between humans through contact with faeces. Most infections
are asymptomatic, but chronic blood loss through the gut even-
tually leads to severe iron deficiency anaemia, and even cardiac
failure. Other symptoms include itch, rash and abdominal dis-
comfort. Eosinophilia is common and characteristic eggs can
be seen on faecal microscopy. Albendazole or mebendazole are
the usual treatments and iron deficiency should also be treated.
Transfusion is rarely necessary, and may be harmful since the
anaemia develops very slowly and cardiac functionmay be com-
promised in severe anaemia.

Schistosomiases (Bilharzia)

Schistosomiasis is a common intravascular infection caused by
trematode worms acquired through contact with contaminated
water. It occurs across Africa, Asia and South America. Schisto-
soma. mansoni, intercalatum, japonica andmekongi all cause
intestinal schistosomiasis, whilst S. haematobium causes uri-
nary schistosomiasis. There is an acute stage (Katayama syn-
drome), and chronic and advanced stages. Schistosomiasis is
the second most common cause of iron deficiency worldwide
after hookworm infection. It is due to blood loss from the uri-
nary and gastrointestinal tracts and may be severe. Eosinophilia
occurs in 80% of cases. Anaemia of chronic disease, massive
splenomegaly with hypersplenism, hepatomegaly and general-
ized lymphadenopathy can all occur. Iron deficiency should
be treated and schistosomiasis treatment is with praziquantel,
which has no significant haematological complications.

Viral haemorrhagic fevers

These are caused by arenaviruses, filoviruses, bunyaviruses and
flaviviruses and are classified according to their reservoir hosts
and their primary means of transmission. They are divided into:
� rodent-associated viruses (e.g. Lassa fever, hantaviruses);
� arthropod-borne viruses (e.g. dengue, yellow fever and
Chikungunya viruses);
� unknown vectors or hosts (e.g. Marburg, Ebola).
They often occur in epidemics, have human-to-human trans-

mission and, in non-tropical settings, may only be suspected
if a relevant travel history is elicited from the patient. Dengue
and yellow fever are becoming increasingly important imported
infections.

Dengue
The four types of dengue virus belong to a group of flaviviruses
and are transmitted byAedesmosquitoes. Dengue is endemic in
tropical areas of Asia, Africa, South America and the Caribbean
and is particularly virulent in SoutheastAsia, includingThailand
and Vietnam. There has been a resurgence of the disease as a
result of urbanization, poverty and increasing travel.
Primary infection in young children is usually asymptomatic.

Older children and adults develop acute fever, headache and
myalgia (‘breakbone fever’). Leucopenia may accompany this
stage of the illness. Severe complications may arise in those
who have had previous infection. These include hypotensive
shock, bone marrow hypoplasia with neutropenia and abnor-
mal megakaryopoiesis, leading to severe thrombocytopenia and
spontaneous bleeding.

Yellow fever
Yellow fever virus is transmitted byAedesmosquitoes and exists
throughout equatorial Africa, northern and central southern
America. Ninety percent of cases and deaths each year occur in
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Africa, and the number of cases has been increasing over the past
two decades possibly due to a decline in population immunity.
The virus invades hepatocytes, causing hepatocellular dys-

function. After an incubation period of 3–4 days, fever, myal-
gia and back pain may be followed by jaundice, bleeding and,
in the most severe cases, renal failure. Haematological changes
include leucopenia with relative neutropenia, thrombocytope-
nia as part of a consumptive coagulopathy, initial haemoconcen-
tration, and subsequent haemorrhage andhaemodilution. Coag-
ulation abnormalities include reduced fibrinogen and clotting
factors II, V, VII, VIII, IX and X, with increased PT and APTT,
as well as the presence of fibrin degradation products. In 85%
of cases there is spontaneous improvement, with the disappear-
ance of symptoms in 3–4 days. The remaining 15% enter a toxic
phase which has a 50% mortality.
Diagnosis can be difficult, as yellow fever (preventable by vac-

cination) can be confused with several febrile and haemorrhagic
illnesses. Antibodies can be detected in the serum and treatment
is symptomatic.

Lassa fever, Ebola virus and Marburg virus
These are endemic in equatorial Africa and are important
because they cause potentially fatal infections and have the abil-
ity to spread from person to person. Only about 10% of infected
individuals become ill. Of these 1–2% develop fatal disease. The
clinical features of these three haemorrhagic fevers are simi-
lar and are characterized by headache, fever and oesophagitis.
Spontaneous bleeding occurs in 25%of hospitalized patients and
is thought to be due to increased vessel permeability and abnor-
mal platelet function. Death is due to multi-organ failure and
shock. Case reports suggest that treatment with ribavirinmay be
helpful and a promising vaccine against Ebola virus has recently
been tested in clinical trials in west Africa.

Non-specific haematological
abnormalities associated with tropical
diseases

Anaemia

Anaemia of chronic disease is a common and non-specific find-
ing in many types of tropical infections. Some infections are
responsible for specific types of anaemia. For example, hook-
worm, which is common in farmers who work bare-foot on
infected soil, and schistosoma infections are the two most com-
mon causes of iron deficiency anaemiaworldwide. For both con-
ditions, a good clinical history and a thorough examination of a
stool (hookworm and schistosomiasis) or urine sample (schis-
tosomiasis) is important if the diagnosis is not to be missed.
Secondary megaloblastic anaemia can result from consump-
tion of vitamin B12 in infections with the tapeworm Diphyl-
lobothrium latum. Intraerythrocytic parasites, such as those

that cause malaria and babesiosis, may be associated with sig-
nificant intravascular haemolysis.

White cell abnormalities

Severe infections, particularly those due to bacteria, may cause a
neutrophilia and a leukaemoid reactionwith circulatingmyeloid
precursors and neutrophils with toxic granulation, vacuolation
and Döhle body formation. Lymphocytosis with neutropenia,
splenomegaly, nose bleeds, rash and neurological complications
can occur in rickettsial infections (e.g. typhus, Q fever, trench
fever). Some, such as trench fever, may persist for many years
and are transmissible in blood transfusions. The absence of neu-
trophilia in the presence of marked fever is a particular feature
of typhoid. Lymphocytosis or monocytosis may also be present
in typhoid; other clinical features include hepatosplenomegaly
and, in severe disease, haemorrhage from ileal ulcers exac-
erbated by DIC. Helminths and other predominantly tropical
organisms that invade tissues may be associated with a signif-
icant eosinophilia (>0.5 × 109/L). Such diseases include loa-
iasis, lymphatic filariasis, schistosomiasis, trichinosis, toxocari-
asis, strongyloidiasis, hydatid disease, oriental liver flukes and
guinea worm.

Platelet abnormalities

Thrombocytosis may occur as a non-specific change associ-
ated with inflammatory conditions, including severe infections.
Thrombocytopenia is usually secondary to, for example, hyper-
splenism (e.g. portal hypertension associated with schistoso-
miasis, hyper-reactive malarial splenomegaly or disseminated
intravascular coagulation). Thrombocytopenia can occur in
malaria, typically due to P. falciparum, either as a consequence
of direct invasion of platelets by the parasite or by secondary
mechanisms.

Hypersplenism

Hypersplenism is a clinical syndrome characterized by
splenomegaly, with a reduction in the number of one or more
types of blood cells. There is reduced survival of platelets and
red cells and a normocellular or hypercellular bone marrow.
Hypersplenism can result from any cause of splenomegaly, but
it is most commonly associated with splenomegaly secondary
to portal hypertension and haematological disorders. Tropical
infections associated with massive splenomegaly (Figure 49.9)
include hyper-reactive malarial splenomegaly (formerly tropical
splenomegaly syndrome), visceral leishmaniasis, schistosomi-
asis and trypanosomiasis. In the tropics, portal hypertension
associated with schistosomiasis is probably the commonest
cause of hypersplenism.
The cytopenias in hypersplenism are due to a combination

of sequestration and haemodilution and the degree of plasma
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Figure 49.9 Patient with massive splenomegaly due to
hyper-reactive malarial splenomegaly.

volume expansion is roughly proportional to the size of the
spleen. The thrombocytopenia and neutropenia are rarely severe
enough to cause clinical problems. The thrombocytopenia is
primarily due to pooling in the spleen which, when massively
enlarged, can hold up to 90% of the platelet mass. Neutrope-
nia is the result of increased marginalization of granulocytes.

Treatment of the underlying disorder generally leads to regres-
sion of the splenomegaly, with resolution of the haematological
abnormalities. Occasionally, splenectomy is necessary, but this
should only be undertaken after a careful assessment of the risks
and benefits, and adherence to recommendations (e.g. vaccina-
tions, antibiotic prophylaxis) regarding infection prevention.
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Developmental haemopoiesis

In humans, haemopoiesis begins in the yolk sac in the third
week of gestation and moves sequentially to the aorto–gonado–
mesonephros (AGM) by 5 weeks’ gestation, the liver by 6–8
weeks and the bone marrow around the 11th week of gestation.
The AGM involutes early in the first trimester and the liver is the
principal site of haemopoiesis until the end of the third trimester.
Fetal haemopoietic stem cells (HSCs) have different molecular
and functional characteristics compared to adult HSCs. These
differences ensure that fetal HSCs meet the specific needs of the
fetus for different types of mature blood cells. The predominant
lineage during fetal life is erythropoiesis, but platelets and all
types of leucocyte found in adult blood are also seen from as
early as 4–5 weeks’ gestation.
There are a number of differences between erythropoiesis

in neonates and adults: red cell morphology is distinctive with
large numbers of crenated red cells, particularly in preterm
neonates (Figure 50.1); red cell lifespan is reduced (35–50 days
in preterm infants, 60–70 days in term infants); susceptibility
to oxidant-induced injury is increased because of differences
in the glycolytic and pentose phosphate pathways; the erythro-
poietin response to anaemia is blunted and specific embry-
onic and fetal globin chains are synthesized (Table 50.1). The
first globin chain produced is ε-globin, followed by α- and
γ-globin chains. Haemoglobin F (HbF, α2γ2) is produced from
4–5 weeks’ gestation and is the predominant haemoglobin until
after birth. Adult haemoglobin (HbA, α2β2) is produced from
6–8 weeks’ gestation, but remains at low levels until after birth.
In term babies, the average HbF at birth is 70–80%, the HbA is

25–30%, there are small amounts ofHbA2 and sometimes a trace
of Hb Barts (γ4).
Immediately after birth, rates of haemoglobin synthesis and

red cell production fall in response to the sudden increase in
tissue oxygenation at birth. In term babies, the haemoglobin
reaches a mean of 130–140 g/L at the age of 4 weeks and 95–
110 g/L at 7–9weeks of age. Studies of well-preterm infants show
a steeper fall in haemoglobin, reaching a mean of 65–90 g/L at
4–8 weeks of age. The reticulocyte count falls soon after birth as
erythropoiesis is suppressed and increases back to normal val-
ues at 6–8 weeks of age. The blood volume at birth varies with
gestational age and the timing of clamping of the cord. In term
infants, the average blood volume is 80 mL/kg and in preterm
infants 106 mL/kg (range 85–143 mL/kg). Term and preterm
babies have adequate stores of iron, folic acid and vitamin B12
at birth. However, stores of both iron and folic acid are lower in
preterm infants and are depleted more quickly, leading to defi-
ciency after 2–4 months if the recommended daily intakes are
not maintained.

Neonatal anaemia

Definition and pathophysiology

Any neonate with a haemoglobin of less than 130 g/L at birth
should be considered anaemic and may require investigation
(Figure 50.2). However, it is important to be aware that the
haemoglobin concentration is affected by the site of sampling (it
is up to 40 g/L lower in venous samples than in heel-prick sam-
ples in the first few days of life) and the timing of the clamping
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Figure 50.1 Typical erythrocyte morphology in a preterm neonate.
Crenated red cells are a normal feature of the blood film of preterm
neonates during the first few weeks of life. This film is from a
neonate born at 26 weeks’ gestation and shows the number of
crenated cells present in neonates under 28 weeks’ gestation. The
numbers of these cells is inversely proportional to gestational age
at birth.

of the cord (around 30 g/L higher after late clamping). The clin-
ical significance of neonatal anaemia depends on whether the
baby is able to maintain adequate tissue oxygenation. This in
turn depends on the position of the haemoglobin–oxygen disso-
ciation curve, which is principally determined by the concentra-
tions ofHbF and 2,3-diphosphoglycerate (2,3-DPG); a highHbF

Table 50.1 Composition of haemoglobins in the human embryo,
fetus and neonate (see also Chapter 6).

Globin chains

Haemoglobin
𝛂-Globin
gene cluster∗

𝛃-Globin gene
cluster∗ Gestation

Embryonic
Hb Gower 1 ξ2 ε2 From 3–4 weeks
Hb Gower 2 α2 ε2
Hb Portland ξ2 γ2 From 4 weeks

Fetal
HbF α2 γ2 From 4 weeks

Adult
HbA α2 β2 From 6–8 weeks
HbA2 α2 δ2 From 30 weeks

∗The α-globin gene cluster is situated on chromosome 16 and the
β-globin gene cluster on chromosome 11. Note that fetuses and neonates
with α-thalassaemia major, who are unable to synthesize α-globin chains,
will have Hb Portland as well as Hb Barts (β4), detectable by
haemoglobin electrophoresis or HPLC.

and low2,3-DPGboth shift the curve to the left, i.e. the affinity of
haemoglobin for oxygen is increased and less oxygen is released
to the tissues. This is the situation just after birth and may be
more of a problem for very preterm babies as their HbF levels are
greater than 90%. Over the first fewmonths of life, 2,3-DPG lev-
els rise and HbF levels fall so that the haemoglobin–oxygen dis-
sociation curve gradually shifts to the right, the oxygen affinity
of haemoglobin falls and oxygen delivery to the tissues increases,
ameliorating the effects of the falling haemoglobin.

Causes of neonatal anaemia

Anaemia may be caused by reduced red cell production,
increased red cell destruction (haemolysis) or blood loss
(Table 50.2).

Neonatal anaemia due to reduced red cell
production
The main diagnostic clues to reduced red cell production are
the combination of a low reticulocyte count (<20 × 109/L)
with a negative direct antiglobulin test (Coombs test). The
most common causes are congenital parvovirus B19 infection
and genetic red cell aplasias, particularly Diamond–Blackfan
anaemia (DBA).

Parvovirus B19 and fetal/neonatal anaemia
Maternal infection with parvovirus B19 can cause severe fetal
anaemia and in 9% of cases leads to intrauterine death. The baby
has marked reticulocytopenia (often <10 × 109/L) and throm-
bocytopenia may also occur. The diagnosis is made by maternal
serology and demonstration of B19 DNA in the fetus or neonate
by dot-blot hybridization or polymerase chain reaction (PCR)
of peripheral blood (bone marrow aspiration for morphology
and parvovirus B19 PCR may be necessary in difficult cases).
Severe cases require intrauterine transfusion, but have a good
long-term outcome if they survive to delivery.

Genetic red cell aplasia
Apart from DBA, the genetic causes of congenital red cell apla-
sia are extremely rare. They include congenital dyserythropoi-
etic anaemia (CDA) and Pearson syndrome; haematological evi-
dence of the other inherited bone marrow failure syndromes,
such as Fanconi anaemia, are almost never present at birth.
These genetic causes of congenital red cell aplasia can normally
be distinguished from each other through a combination of their
distinctive bone marrow morphology, family history and the
presence, or not, of additional congenital anomalies.

DBA (see also Chapter 10)
The incidence of DBA is estimated at five to seven cases per
million live births. DBA has a clear family history in 20% of
cases (autosomal dominant or recessive) and appears to be spo-
radic in the remaining 80%. Presentation in the neonatal period
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Review blood film

Abnormal
Inherited red cell membrane disorder, e.g. HS
Inherited red cell enzyme disorder,
 e.g. G6PD or pyruvate kinase deficiency
 
Normal
G6PD deficiency (film may show oxidative
haemolysis but is more often normal)

MCV normal or high

α-Thalassaemias
α-Thalassaemia major or HbH disease
Check Hb electrophoresis on baby and
parents (all will have low MCV)

Hereditary pyropoikilocytosis
Check FBC and film on parents
(one or both will usually have 
elliptocytes)

MCV low

Fetomaternal bleed

Kleihauer positive

HDN excluded
Check Kleihauer 

Coombs test negative

Check Coombs test
Raised reticulocytesLow reticulocytes

Parvovirus B19
DBA
rare, e.g. Pearson's

Red cell aplasia

Diagnosis probably HDN
Identify antibody, check
blood film and bilirubin

Coombs test positive

Check MCV

Kleihauer negative

Anaemia

Reticulocyte count

Figure 50.2 A diagnostic algorithm for neonatal anaemia. The most useful screening tests for investigating unexplained neonatal anaemia
are the reticulocyte count, the Coombs test and the mean corpuscular volume (MCV) of the red cells. DBA, Diamond–Blackfan anaemia;
G6PD, glucose-6-phosphate dehydrogenase; HDN, haemolytic disease of the newborn; HS, hereditary spherocytosis.

or first few months of life with increasing anaemia from birth
is typical, but more severe cases manifest as second-trimester
anaemia or hydrops fetalis. Around 40% of infants have asso-
ciated congenital anomalies, particularly craniofacial dysmor-
phism, neck anomalies and thumb malformations similar to
those seen in Fanconi anaemia. In neonates, the blood film
shows normochromic red cells with an absence of polychroma-
sia and nucleated red cells despite severe anaemia (Figure 50.3).
Reticulocytopenia is usually severe, but automated reticulocyte
counts of 20–30 × 109/L are sometimes seen. Erythroid pre-
cursors are very low or absent in the bone marrow aspirate.
These features are diagnostic of DBA if parvovirus infection is
excluded. Raised red cell levels of adenosine deaminase (ADA)
in the patient and/or parents may be useful for confirming the
diagnosis, although normal red cell ADA levels do not exclude
DBA. As discussed in Chapter 10, recent studies indicate that
most cases of DBA are due to defects in the synthesis and func-
tion of structural ribosomal proteins (RP). At present mutations
in 12 genes have been identified and account for about 50%
of DBA cases, RPS19 mutations being the commonest (25% of

all DBA). In just under 50% of patients, the molecular basis
for the disease has proved elusive, even after screening all 80
ribosomal protein genes. However, recently mutations in the
key haemopoietic transcription factor gene GATA1 have been
identified in a small proportion of DBA patients. In the neona-
tal period, the only treatment of DBA is red cell transfusion,
although steroids are used in older infants and children (see
Chapter 10).

Pearson syndrome (see also Chapter 3)
This rare condition nearly always presents within a few days
or weeks of birth. Pearson syndrome is caused by mutations
or deletions in mitochondrial DNA and presents with nor-
mochromic anaemia, neutropenia, thrombocytopenia and fail-
ure to thrive. Most affected neonates have low birthweight, and
metabolic acidosis, exocrine pancreatic deficiency, and abnor-
mal liver and renal function are common. The most useful
haematological clue to the diagnosis is the highly character-
istic vacuolation of early erythroid cells on the marrow aspi-
rate (Figure 50.4). Interestingly, a recent report identified large
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Table 50.2 Common of neonatal anaemia.

Reduced red cell production
� Diamond–Blackfan anaemia
� Congenital viral infections, e.g. parvovirus, cytomegalovirus
� Congenital dyserythropoietic anaemia
� Pearson syndrome

Increased red cell destruction (haemolysis)
� Alloimmune: haemolytic disease of the newborn (Rh, ABO,
Kell, other)
� Red cell membrane disorders, e.g. hereditary spherocytosis
� Red cell enzyme deficiencies, e.g. pyruvate kinase deficiency
� Some haemoglobinopathies, e.g. α-thalassaemia major, HbH
disease

Blood loss
� Occult haemorrhage before or around birth, e.g. twin–twin,
fetomaternal
� Internal haemorrhage, e.g. intracranial, cephalhaematoma
� Iatrogenic, due to frequent blood sampling

Anaemia of prematurity
� Impaired red cell production plus reduced red cell lifespan

mitochondrial gene deletions in a small subgroup of DBA
patients. When these cases were re-evaluated they were found
to be cases of Pearson syndrome which had been misdiagnosed
as DBA. Unfortunately, the prognosis for children with Pearson
syndrome is very poor, with few surviving beyond the second
year of life.

Figure 50.3 Blood film from a neonate with Diamond–Blackfan
anaemia. This baby presented with fetal anaemia at 20 weeks’
gestation and received intrauterine transfusion. At birth, the baby
had normochromic anaemia and the blood film showed a
complete absence of polychromasia and nucleated red cells, despite
a haemoglobin of 70 g/L.

Figure 50.4 Pearson syndrome. Bone marrow aspirate from a
neonate with Pearson syndrome showing typical vacuolation of
erythroblasts and a dysplastic megakaryocyte.

CDA (see also Chapter 10)
The clinical presentation of CDA is extremely variable. While
the most severe forms may present as hydrops fetalis in associ-
ation with fetal anaemia, milder forms of the disease may not
present until adulthood. As discussed in Chapter 10, CDA is
conventionally classified into threemain types (I, II and III) with
additional variant types of CDA. Most case reports of CDA pre-
senting in the neonatal period are Type I or CDA variants. CDA
type I is caused by mutations in the CDAN-1 gene or, occasion-
ally, in the C15ORF41 gene. Type II CDA is due to mutations
in the SEC23B gene and CDA type III, which is very rare, is
due to mutations in the KIF23 gene, while some variant forms
of CDA are due to mutations in LPIN2 or in the transcription
factor genes GATA1 or KLF1.

Neonatal anaemia due to increased red cell
destruction (haemolysis)
The main diagnostic clues suggesting a haemolytic anaemia are
increased numbers of reticulocytes and/or circulating nucle-
ated red cells (Figure 50.5), unconjugated hyperbilirubinaemia,
a positive Coombs test (if immune) and characteristic changes
in the morphology of the red cells on a blood film (e.g. hered-
itary spherocytosis; Figure 50.5). The main cause of immune
haemolytic anaemia is haemolytic disease of the newborn. The
main causes of non-immune neonatal haemolysis are red cell
membrane disorders, red cell enzymopathies and, occasionally,
haemoglobinopathies (Table 50.2).

Immune haemolysis, including haemolytic disease of the
newborn (see also Chapter 13)
The principal alloantibodies causing haemolytic disease of the
newborn are those against Rh antigens (anti-D, anti-c and anti-
E), anti-Kell, anti-Kidd (Jk), anti-Duffy (Fy) and antibodies
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Figure 50.5 Haemolytic disease of the
newborn. (a) Blood film from a baby with
rhesus haemolytic disease of the newborn
due to anti-D showing polychromasia and
large numbers of nucleated red cells, but
relatively few spherocytes. (b) Blood film
from a neonate with ABO haemolytic
disease of the newborn due to anti-A,
showing very large numbers of
spherocytes, polychromasia and no
nucleated red cells.

of the MNS blood group system, including anti-U. Anti-D is
the most frequent alloantibody causing significant haemolytic
anaemia, affecting 1 in 1200 pregnancies. Anti-Kell antibod-
ies are less common, but can cause severe fetal and neona-
tal anaemia as they inhibit erythropoiesis as well as causing
haemolysis.Most babies with haemolytic disease of the newborn
present with jaundice and/or anaemia; in severe cases there is
hepatosplenomegaly and/or skin deposits due to extramedullary
haemopoiesis. ABO haemolytic disease occurs only in offspring
of women of blood group O and is confined to the 1% of such
women who have high-titre IgG antibodies. Haemolysis due to
anti-A is more common (1 in 150 births) than that due to anti-
B. In contrast with anti-Rh antibodies, both anti-A and anti-B
usually cause hyperbilirubinaemia without significant anaemia;
however, hydrops has occasionally been described. The blood
film in ABO haemolytic disease characteristically shows very
large numbers of spherocytes with little or no increase in nucle-
ated red cells (see Figure 50.5a); this contrasts with rhesus
haemolytic disease of the newborn, in which there are few sphe-
rocytes and large numbers of circulating nucleated red cells (see
Figure 50.5b).
Management of haemolytic disease of the newborn: All

neonates at risk should have cord blood taken for measurement
of haemoglobin, bilirubin and a Coombs test and should remain
in hospital, or under close outpatient supervision, until hyper-
bilirubinaemia and/or anaemia have been properly managed.
Rhesus-alloimmunized infants with haemolysis should receive
phototherapy from birth, as the bilirubin can rise steeply; this
prevents the need for exchange transfusion in some infants. In
haemolytic disease due to anti-Kell, anaemia is usually more
prominent than jaundice and minimal phototherapy may be
necessary despite severe anaemia. ABO haemolytic disease of
the newborn usually just requires phototherapy, as anaemia is
uncommon.
The indications for exchange transfusion in haemolytic dis-

ease of the newborn are:
� severe anaemia (haemoglobin <100 g/L at birth) and/or
� severe or rapidly increasing hyperbilirubinaemia.

The British Committee for Standards in Haematology
(BCSH) have published useful guidelines for neonatal exchange
transfusion. Intravenous immunoglobulin has been used to
reduce the need for exchange transfusion, but the value of this
approach remains to be proven in clinical trials. Neonates with
haemolytic disease due to anti-Rh antibodies may develop ‘late’
anaemia at a few weeks of age, requiring ‘top-up’ transfusion;
irradiated blood must be used for infants previously receiv-
ing intrauterine transfusion to prevent the risk of transfusion-
associated graft-versus-host disease. Recombinant erythropoi-
etin sometimes prevents the need for top-up transfusion for late
anaemia but is not effective when haemolysis is brisk. Folic acid
(500 μg/kg daily) should be given to all babies with ongoing
haemolysis until they reach 3 months of age.

Neonatal haemolytic anaemia due to red cell
membrane disorders (see also Chapter 8)
In neonates, these disorders usually present with jaundice, with
or without anaemia, and abnormal red cell morphology on
the blood film. Many cases of hereditary elliptocytosis present
as an incidental finding in a neonate being investigated for a
non-haematological disorder; anaemia is rare in heterozygotes
and jaundice is often minimal. Most cases of hereditary sphe-
rocytosis do have jaundice in the neonatal period and mod-
erate anaemia is fairly common. On the other hand, severe
transfusion-dependent neonatal haemolytic anaemia due to an
inherited red cell membrane disorder is very uncommon and
typically due to hereditary pyropoikilocytosis which can be
readily identified because of the characteristic lowmean corpus-
cular volume (MCV) of 50–60 fL and bizarre red cell morphol-
ogy. The main clues are a family history and an abnormal blood
film, as red cell membrane disorders can nearly always be recog-
nized by the characteristic shape of the red cells (Figure 50.6a).
Identification of the exact type of membrane abnormality may
require specialized investigations. The osmotic fragility test is
of limited value in neonates and recent data indicate that the
dye binding test is more useful. If the clinical phenotype is
severe and family history or family studies are unhelpful, further
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Figure 50.6 Red cell membrane disorders.
(a) Blood film from a baby with
hereditary pyropoikilocytosis showing
microspherocytes, red cell fragments and
polychromasia. (b) Blood film from a
neonate with hereditary spherocytosis
showing large numbers of spherocytes and
polychromasia.

investigation is useful to clarify the diagnosis and pattern of
inheritance. The ‘gold standard’ investigation has been red cell
membrane electrophoresis to look for deficiency or imbalance
in the different red cell membrane proteins and hence the likely
causative gene. Since this technique requires specialist exper-
tise, is expensive and must be carried out on pretransfusion
blood samples to minimize diagnostic confusion due to trans-
fused cells, there is increasing use of molecular methods using a
panel of known red cell membrane genes.

Hereditary spherocytosis
This is the most common of the red cell membrane disorders
to cause symptomatic anaemia, affecting 1 in 5000 live births to
parents of northern European extraction. Hereditary spherocy-
tosis is caused by mutations in the genes for spectrin, ankyrin,
protein 4.1 or protein 3 and is usually inherited in an autosomal
dominant fashion. The blood film shows spherocytes and typi-
cally has an identical appearance to that of ABO haemolytic dis-
ease (Figure 50.6b). Neonatal anaemia due to hereditary sphe-
rocytosis is usually moderate (haemoglobin 70–100 g/L); it is
not uncommon for affected neonates to require one or two
transfusions during the neonatal period before a transfusion-
free plateau haemoglobin of 80–100 g/L is achieved after a few
months.

Hereditary elliptocytosis
This disorder is also caused bymutations in the spectrin, ankyrin
or protein 4.1 genes, but which have a different functional conse-
quence to the mutations associated with hereditary spherocyto-
sis. In neonates, hereditary elliptocytosis usually has no clinical
manifestations apart from elliptocytes on the blood film. How-
ever, neonates who are homozygous or compound heterozygous
for hereditary elliptocytosis mutations have severe haemolytic
anaemia. The most common form is hereditary pyropoikilo-
cytosis, which causes severe, persistent, transfusion-dependent
haemolytic anaemia presenting in the neonatal period. The diag-
nosis is usually easily made from the low MCV and blood films

of the baby (which show bizarre fragmented red cells andmicro-
spherocytes; see Figure 50.6a). Examination of the parental
blood films is very helpful since one or both parents typically
has common hereditary elliptocytosis, although silent spectrin
mutations and de novo mutations may also occur and pro-
duce a severe phenotype in the baby despite apparently normal
parental blood films. The treatment of neonates with hereditary
pyropoikilocytosis is red cell transfusion. Transfusions should
continue on a regular basis until the child is old enough to
undergo splenectomy, to which there is an excellent response,
with all patients rendered transfusion-independent.

Neonatal haemolysis due to red cell
enzymopathies (see also Chapter 8)
The commonest inherited red cell enzymopathies presenting
in the neonatal period are glucose-6-phosphate dehydrogenase
(G6PD) deficiency and pyruvate kinase deficiency.

G6PD deficiency
The prevalence of G6PD deficiency is particularly high in
individuals from Central Africa (20%) and the Mediterranean
(10%), but is also seen in the Indian subcontinent, the Far East
and theMiddle East. In neonates, G6PDdeficiency nearly always
presents with jaundice within the first few days of life; the vast
majority of affected neonates are boys, as the G6PD gene is on
the X chromosome. Neonatal jaundice due to G6PD deficiency
is often severe, whereas anaemia is uncommon. The blood film is
usually completely normal, but in the small number of neonates
with anaemia due to G6PD deficiency, the blood film shows typ-
ical changes of oxidative haemolysis. The diagnosis is made by
assaying G6PD on a peripheral blood sample. The pathogene-
sis of the jaundice is unclear, as most babies with G6PD defi-
ciency have no evidence of haemolysis. Management of neona-
tal G6PD deficiency requires close monitoring of the bilirubin
to prevent kernicterus, particularly when interactions with other
risk factors for neonatal hyperbilirubinaemia are present, such as
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Gilbert syndrome, haemolytic disease of the newborn or heredi-
tary spherocytosis, and also the counselling of the babies’ parents
regardingwhichmedicines, chemicals and foodsmay precipitate
haemolysis. G6PD deficiency does not cause chronic haemoly-
sis (except in a few extremely rare G6PD variants) and therefore
folic acid supplements are not indicated.

Pyruvate kinase deficiency
Although pyruvate kinase deficiency is the second most com-
mon inherited red cell enzymopathy in neonates, the estimated
prevalence is only 50 cases/million and therefore even large
neonatal centres will only identify 1 case every 5 years. Pyru-
vate kinase deficiency is transmitted in an autosomal recessive
fashion. It is clinically heterogeneous, varying from anaemia
severe enough to cause hydrops fetalis to a mild unconjugated
hyperbilirubinaemia. In severe cases, the jaundice has a rapid
onset within 24 hours of birth and exchange transfusion may be
required. The diagnosis is made by measuring pretransfusion
red cell pyruvate kinase activity; in mild cases enzyme activ-
ity may be relatively modestly reduced making the diagnosis
difficult and it is often useful to assay levels in the parents for
confirmation. The blood film is sometimes distinctive but more
often shows non-specific changes of non-spherocytic haemoly-
sis. Management in the neonatal period depends on the severity
of the jaundice and anaemia. Some, but not all, children with
pyruvate kinase deficiency are transfusion dependent and folic
acid supplements should be given to prevent deficiency due to
chronic haemolysis.

Other red cell enzymopathies
The other red cell enzymopathies are rare. The most impor-
tant in the neonatal period is triosephosphate isomerase defi-
ciency, as one-third of patients presentwith neonatal haemolytic
anaemia, often many months before the devastating neurolog-
ical features of this disorder become apparent. Another cause
of acute haemolysis confined to the neonatal period is infantile
pyknocytosis. This poorly understood condition, which is prob-
ably due to transient glutathione peroxidase deficiency, usually
presents at 1–6weeks of age. Infantile pyknocytosis ismore com-
mon in preterm neonates and when it occurs in twins, both are
usually affected. The anaemia associated with infantile pykno-
cytosis is often moderately severe, requiring one to two red cell
transfusions before gradually resolving by the age of 2–3months.
The blood film typically shows changes of oxidative haemolysis
during the neonatal period, but returns to normal as the haemol-
ysis resolves (Figure 50.7) Measurement of glutathione perox-
idase levels in affected neonates may be useful (parental levels
are normal) but the diagnosis is usually easily made from the
blood film. There are no reports of recurrence of haemolysis out-
with the neonatal period in babies with infantile pyknocytosis
and care should be taken to exclude other causes of haemolytic
anaemia in any cases where the haemolysis does not resolve, or
recurs, after the age of 3 months.

Figure 50.7 Infantile pyknocytosis. Blood film from a neonate
with infantile pyknocytosis and a low level of erythrocyte
glutathione peroxidase showing pyknocytes, fragmented red cells,
polychromasia and occasional spherocytes.

Neonatal haemolysis due to
haemoglobinopathies
The only haemoglobinopathy that typically presents in the
neonatal period is α-thalassaemia major, as all four α-globin
genes are deleted. Severe cases of HbH disease may also present
with severe fetal or neonatal anaemia, although this is uncom-
mon. Occasional non-thalassaemic structural α- and γ-globin
gene mutations, which are clinically completely silent in adults
and children, cause transient neonatal haemolytic anaemia
in the neonate because they are unstable (e.g. Hb Hasharon,
Hb Poole), whereas the major β-globin haemoglobinopathies
(sickle cell disease and β-thalassaemia major) rarely manifest
clinically in neonates.

𝛂-Thalassaemia major
This predominantly affects families of Southeast Asian,Mediter-
ranean or Middle Eastern origin, and presents with second-
trimester fetal anaemia or hydrops fetalis, which is almost always
fatal within hours of delivery. The only long-term survivors of
α-thalassaemia major are those who have received intrauterine
transfusions followed by regular postnatal transfusions and/or
a bone marrow transplant. There is also a high incidence of
hypospadias and limb defects in survivors, and others have
severe neurological problems. If intrauterine transfusions are
delayed until anaemia is severe, neonatal pulmonary hypopla-
sia is a cause of early mortality. The diagnosis of α-thalassaemia
major should be suspected in any case of severe fetal anaemia
that presents in the second trimester, and any case of hydrops
fetalis with severe anaemia in which the parents come from
high-prevalence areas, particularly Southeast Asia. Checking the
blood counts of the parents will immediately identify whether
they are at risk of having a child with α-thalassaemiamajor: both
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Figure 50.8 α-Thalassaemia major. Blood film from a neonate
with α-thalassaemia major, born at 28 weeks’ gestation, showing
severe hypochromia, microcytosis, target cells, polychromasia and
nucleated red cells.

parents will have hypochromic microcytic red cell indices, with
MCV usually below 74 fL and mean corpuscular haemoglobin
(MCH) usually less than 24 pg. The diagnosis of α-thalassaemia
major is confirmed by haemoglobin electrophoresis or HPLC
(which shows Hb Barts, Hb Portland and sometimes HbH; HbF
andHbA are absent); the blood film shows hypochromic micro-
cytic red cells with vast numbers of circulating nucleated red
cells (Figure 50.8).

Neonatal anaemia due to blood loss
Blood loss as a cause of neonatal anaemia may be very obvious
(e.g. a cephalhaematoma or rupture of the cord) or the blood loss
may be concealed and easy tomiss unless specifically sought (e.g.
fetomaternal bleeds). Usually, themost serious blood loss occurs
prior to delivery and important causes of this are twin–to-twin
transfusion and fetomaternal blood loss.

Twin–to-twin transfusion
This occurs in monochorionic twins with monochorial
placentas where there are two amniotic sacs (diamniotic). Twin-
to-twin transfusion syndrome carries a mortality of up to 80%
without treatment and 15–40% with treatment. In most cases
bleeding is chronic, which usually results in a marked difference
in birth weight between the twins. The donor twin is smaller,
pale and lethargic and may have overt cardiac failure. By con-
trast, the recipient twin is often plethoric, with hyperviscosity,
hyperbilirubinaemia, polycythaemia and, in the most severe
cases, disseminated intravascular coagulation (DIC). Where
twins survive to delivery, the difference in Hb between donor
and recipient twin where there has been chronic blood loss is
usually <50 g/L. Bleeding may also occur acutely during labour,
with signs similar to those of fetomaternal haemorrhage.

Fetomaternal haemorrhage
Most significant fetomaternal bleeds occur during the third
trimester, either spontaneously or secondary to trauma and
involve very small quantities of blood (0.5 mL or less). Much
more of a clinical problem are acute fetomaternal bleeds where
there is loss of more than 20% of the blood volume. This may
cause intrauterine death or the baby may be born with hydrops
or circulatory shock. In some cases the baby appears well, but
pale, at birth and collapses a few hours later. Diagnostic clues are
anaemia at birth in an otherwise well baby with no or minimal
jaundice. The most useful diagnostic tests are a Coombs test to
exclude immune haemolysis, a reticulocyte count to exclude red
cell aplasia, a Kleihauer test on maternal blood to quantify the
number of HbF-containing fetal red cells in the maternal circu-
lation and a blood film (Figure 50.9). Blood loss around the time
of delivery is usually due to obstetric complications (e.g. placenta
praevia, placental abruption); in these circumstances, the babies
are often extremely ill, with circulatory shock, anaemia worsen-
ing rapidly after birth, large numbers of circulating nucleated red
cells and DIC.

Anaemia of prematurity

The normal fall in haemoglobin in preterm neonates has been
termed ‘physiological anaemia of prematurity’, as it does not
appear to be associated with any abnormalities in the baby.
The pathogenesis is not fully elucidated, but contributory fac-
tors include the reduced lifespan of fetal erythrocytes, the rel-
atively low erythropoietin concentration, the rapid growth rate
and iatrogenic blood loss. Routine supplementation of preterm
neonates with folic acid and iron means that nutritional defi-
ciency rarely plays a role. The diagnosis is usually straightfor-
ward: a well-preterm baby with a slowly falling haemoglobin,
unremarkable blood film showing normochromic/normocytic
red cells, slightly low reticulocytes (20 × 109/L) and no nucle-
ated red cells.

Management of anaemia of prematurity and
the role of erythropoietin
The severity of anaemia of prematurity and thereby the need
for red cell transfusion can be reduced by: (i) limiting iatro-
genic blood loss by appropriate use of blood tests, (ii) admin-
istering iron and folate supplements to all preterm infants (iron
3 mg/kg daily from 4–6 weeks of age or iron-fortified formula
with 0.5–0.9 mg/dL of iron and folic acid 50 μg daily or 500 μg
once weekly) and (iii) judicious use of erythropoietin. The
many controlled trials of recombinant erythropoietin for pre-
vention of neonatal anaemia have been reviewed extensively.
Erythropoietin reduces the number of transfusions in relatively
well infants with low transfusion requirements, but not in sick
preterm infants who have a need for frequent phlebotomy and
multiple transfusions. The main roles for recombinant erythro-
poietin in neonates are in ameliorating the anaemia in infants
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Figure 50.9 Fetomaternal haemorrhage.
(a) Blood film from a neonate with a
haemoglobin of 50 g/L at birth due to a
large fetomaternal haemorrhage; the main
features are the marked polychromasia,
large numbers of nucleated red cells and
normal red cell morphology. (b) Kleihauer
test showing HbA-containing maternal
‘ghost’ cells and pink-staining
HbF-containing fetal cells.

who have received intrauterine transfusions for alloantibody-
mediated anaemia and in preterm babies of Jehovah’sWitnesses.
The usual dose is 300 μg/kg of epoetin-β by subcutaneous injec-
tion three times per week, starting in the first week of life,
together with oral iron supplements.

Indications for red cell transfusion in neonatal
anaemia

The BCSH recently revised their guidelines for transfusion of
fetuses, neonates and older children; the guidelines contain rec-
ommendations about the products and indications for red cell
transfusion in neonates. These are consensus guidelines and
need to be adapted for use in each individual neonatal intensive
care unit, depending on the case mix of babies, as adherence to
strict neonatal transfusion guidelines reduces both the number
of transfusions and donor exposure.

A simple diagnostic approach to neonatal
anaemia

Red cell disorders associated with neonatal or fetal anaemia
present in three main ways: with a low haemoglobin, with jaun-
dice due to haemolysis or with hydrops. A diagnostic algorithm
to help identify which of these causes ismost likely, which can be
excluded and what further investigations aremost appropriate is
shown in Figure 50.2.

Neonatal polycythaemia

For both term and preterm infants, polycythaemia can be
defined as a central venous haematocrit of greater than 0.65, as
there is an exponential rise in blood viscosity above this level.
However, even at haematocrits greater than 0.70, only a minor-
ity of neonates have clinical signs of hyperviscosity, such as
lethargy, hypotonia, hyperbilirubinaemia and hypoglycaemia.

Table 50.3 Causes of neonatal polycythaemia.

� Intrauterine growth restriction
� Maternal hypertension
� Maternal diabetes
� Chromosomal disorders: trisomy 21, 18 or 13
� Twin–twin transfusion
� Delayed clamping of the cord
� Endocrine disorders: thyrotoxicosis, congenital adrenal
hyperplasia

Causes of polycythaemia are shown in Table 50.3. Treatment is
controversial and is not necessary in infants with very minor
symptoms (e.g. borderline hypoglycaemia or poor peripheral
perfusion). Infants with neurological signs and a haematocrit
greater than 0.65 should have a partial exchange transfusion
(using a crystalloid solution such as normal saline) to reduce
the haematocrit to 0.55.

White cell disorders

Normal values

In the neonate, normal values for leucocytes, particularly neu-
trophils, are affected by a number of factors including gestational
age, postnatal age, antenatal history, perinatal history and eth-
nic origin. Neutrophil counts in healthy babies increase for the
first 12 hours then fall to a nadir at 4 days of age. The neutrophil
count is higher in capillary samples and after vigorous crying; it
is lower in neonates of African origin. Healthy preterm babies
often have circulating myeloblasts and lymphoblasts, although
these usually form less than 5% of the white cell differential
count.
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Neutropenia

A pragmatic approach is to consider a neutrophil count at birth
of less than 2 × 109/L as abnormal and worth monitoring, and
a neutrophil count during the first month of life of less than
0.7 × 109/L as significant enough to merit further investigation.

Causes of neutropenia
The commonest cause of neutropenia at birth in preterm
neonates is reduced neutrophil production, secondary to
intrauterine growth restriction or maternal hypertension. Most
affected neonates also have thrombocytopenia and increased
erythropoiesis (polycythaemia and/or increased circulating
nucleated red cells). The underlying mechanism for these
haematological abnormalities is chronic fetal hypoxia. The neu-
tropenia resolves spontaneously usually within a few days of
birth and does not persist beyond the first 2 weeks of life.
The commonest cause of neutropenia in term infants is bacte-
rial or viral infection. Infection-associated neutropenia is also
self-limiting and therefore persistent neutropenia in a term or
preterm baby should always be investigated. Other important
causes of neutropenia are alloimmune neutropenia and severe
congenital neutropenia (SCN) due to failure of neutrophil pro-
duction (e.g. Kostmann syndrome), both of which predispose to
severe neonatal infection.

Alloimmune neutropenia
This is the neutrophil equivalent of haemolytic disease of
the newborn and alloimmune thrombocytopenia. Alloimmune
neutropenia occurs when fetal neutrophils express paternally
derived neutrophil-specific antigens absent on maternal neu-
trophils and against which the mother produces IgG neutrophil
alloantibodies. The causative antibodies are usually anti-NA1 or
-NA2. Severe cases present in the first few days of life with fever
and infections of the respiratory tract, urinary tract and skin,
particularly due to Staphylococcus aureus, and the mainstay of
treatment is antibiotics. The diagnosis is made by demonstrat-
ing antineutrophil antibodies in the mother and baby, which
react against paternal, but not maternal, neutrophil antigens.
The neutropenia is self-limiting, usually resolving within 1–
2 months. Since alloimmune neonatal neutropenia in every-
day clinical practice is very uncommon, and yet case series
show that it affects 3% of all deliveries, it is likely that most
milder cases are missed as they do not present with clinical
problems and routine full blood counts are not performed on
well babies.

Congenital and inherited neonatal neutropenias (see also
Chapter 14)
Although rare, it is important to identify SCN in the neonatal
period, since such babies are at risk of life-threatening infec-
tion from birth. Investigations are indicated where neutrope-

nia persists beyond the first 2 weeks of life, despite resolution
of infection, if there is a relevant family history or consanguin-
ity, if the neutropenia is severe (< 0.5 × 109/L) or if the baby
has typical dysmorphic features (e.g. thumb/radial abnormali-
ties in Fanconi anaemia). SCN is the most likely cause in the
neonatal period. Infants usually present with severe infections
and amarked neutropenia (<0.2× 109/L), often with a compen-
satory monocytosis. The diagnosis is made by the severity of the
neutropenia, the bone marrow appearance (arrest of differenti-
ation at the myelocyte/promyelocyte stage) and the absence of
antineutrophil antibodies. The inheritance of SCN can be auto-
somal recessive or dominant or X-linked. Themolecular basis of
most cases is increasingly being identified both through classi-
cal linkage studies and gene discovery approaches. The causative
genes are important for normal neutrophil differentiation, sur-
vival and function. Mutations in ELA2 (neutrophil elastase)
are the most common cause of SCN, but other causes include
mutations inGFI1 (growth factor-independent protein 1),WAS
(Wiskott–Aldrich syndrome protein, WASp), JAGN1 and sev-
eral genes affecting the endosomal–lysosomal system, such as
AP3B1, LAMTOR2, VPS13B and VPS45. Recently, homozy-
gous mutations in the HAX1 gene were found to explain the
SCN in the original Kostmann family, but this appears to be a
rare cause of the disease.

Congenital leukaemias
Congenital leukaemia is rare, affecting ∼5 neonates/per million
live births. The most common form of congenital leukaemia
is the transient leukaemia seen in neonates with Down syn-
drome, up to 10% of which will be affected. In children with-
out Down syndrome, the majority of congenital leukaemias are
associated with rearrangement of the MLL gene and manifest
as acute lymphoblastic leukaemia (ALL) in 60% of cases and
acute myeloid leukaemia (AML, typically monoblastic) in the
remaining 40%.

Leukaemia in neonates with Down syndrome
Around 5–10% of neonates with Down syndrome have a tran-
sient megakaryoblastic leukaemia, also known as transient
abnormal myelopoiesis (TAM) or transient myeloproliferative
disorder (TMD) (see also Chapter 16), characterized by leuco-
cytosis and circulating blast cells (Figure 50.10). TAM devel-
ops in fetal life and nearly always presents in the first week of
life. Most cases spontaneously resolve within 2–3 months and
no treatment is indicated. In severe cases (10–20%) neonates
develop progressive disease within days or weeks of birth due
to blast cell infiltration of the liver in association with liver
fibrosis. In such cases pleural/pericardial effusions, ascites, hep-
atomegaly, liver dysfunction and coagulopathy are common and
treatment with low-dose cytosine arabinoside is often success-
ful. TAM is unique to neonates with Down syndrome and is
now known to be caused by the effects of acquired mutations in
the haemopoietic transcription factor gene GATA1 in fetal liver
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Figure 50.10 Transient leukaemia in a neonate with Down
syndrome. Leucoerythoblastic blood film showing increased
numbers of blast cells, which spontaneously returned to normal by
2 months of age.

haemopoietic cells. AcquiredGATA1mutations are now known
to affect almost 30% of all neonates with Down syndrome, but
only half of these will manifest with clinical or haematologi-
cal signs; the remaining cases are clinically silent because the
mutant GATA1 clones are very small. In most cases, the mutant
GATA1 clones disappear over the first few months of life, as
all signs of TAM disappear. In up to 10% of neonates with
Down syndrome who have TAM or silentGATA1mutations, an
acute megakaryoblastic leukaemia (DS-AMKL) develops before
the age of 5 years, usually between 12 and 18 months of age.
In these cases, the TAM usually appears to resolve, but this is
followed several months later by myelodysplasia, which subse-
quently evolves to acute leukaemia. DS-AMKL, unlike TAM,
is not transient and must be treated with chemotherapy when
the outcome is usually very good, with 80–90% long-term sur-
vival. Since the sameGATA1mutations are present both in TAM
and DS-AMKL, this indicates that the leukaemia arises from a
mutant GATA1 clone present at birth. Recently, mutations in
the cohesin complex genes have been shown to be the most
common mechanism responsible for transformation of TAM to
DS-AMKL.

Leukaemia in children without Down syndrome
Affected babies present, often within hours of birth, with signs
of anaemia, thrombocytopenia and/or skin lesions caused by
leukaemic infiltration. Congenital leukaemia with nodular skin
deposits of leukaemic cells is one cause of the classical ‘blueberry
muffin’ rash in a newborn baby. Some cases present in utero
with intrauterine death or hydrops. CNS leukaemia in a neonate
may present as a bulging fontanelle. The blood film and bone
marrow aspirate show large numbers of primitive blast cells.
The most common cytogenetic abnormalities are translocations

involving 11q23 resulting in rearrangement of theMLL gene and
t(1;22), which is associated with theOTT–MAL fusion gene and
an aggressive form of acute megakaryoblastic leukaemia. The
prognosis is extremely poor (∼20% long-term survival); few are
cured by chemotherapy and bone marrow transplantation may
be the best option.

Haemostasis and thrombosis in the
newborn

Bleeding and thrombotic problems are relatively common in
neonates, particularly in those who are preterm and/or sick. The
vast majority of bleeding problems are acquired and secondary
to perinatal complications, including perinatal asphyxia and
severe infection. Inherited bleeding disorders, with the excep-
tion of haemophilia A and B, are rare in the newborn. By con-
trast, there has been a marked increase in the identification of
inherited thrombophilias in neonates and the most challenging
aspect of this has been understanding their significance, both for
management of the neonate and for genetic counselling.

Developmental haemostasis

Coagulation proteins are present at measurable levels from the
10th week of gestation and gradually rise during fetal life. They
do not cross the placenta, or do so in very small amounts, and
therefore need to be independently synthesized by the fetus.
‘Normal values’ in the neonate vary not onlywith gestational age,
but also with postnatal age. Data for babies at less than 30 weeks’
gestation derive from fetoscopy samples: levels of the vitamin-K-
dependent factors (FII, FVII, FIX and FX) and of FXI and FXII
are all low (<40% of adult values) and remain so during the first
month of life. In contrast, even in preterm babies (>30 weeks
gestation at birth), levels of FV, FXIII and fibrinogen are normal
at birth and levels of FVIII and von Willebrand factor (VWF)
are normal or increased.
Platelet counts at birth in term and preterm neonates are

within the normal adult range. However, increasing evidence
points to significant differences in platelet production during
fetal life. Fetal megakaryocytes are smaller and of lower ploidy
despite being more proliferative than adult megakaryocytes and
are more sensitive to thrombopoietin. Interestingly, in response
to consumptive thrombocytopenia, neonates increase the num-
ber of megakaryocytes rather than megakaryocyte size consis-
tent with fundamental differences in regulation of platelet pro-
duction in the fetus and newborn compared to later in life.
These differences may help to explain why many studies have
found impaired in vitro function of neonatal platelets. Themost
consistent abnormalities are reduced aggregation in response to
adrenaline, ADP and thrombin. Their significance in clinical
practice is still not clear, as the bleeding time is normal in term
and preterm infants (≤135 s).
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Screening tests for bleeding disorders

Nearly all significant bleeding disorders in neonates can be iden-
tified using simple screening tests; exceptions are FXIII defi-
ciency and platelet function disorders. It is often helpful to
test both parents for coagulation abnormalities to help iden-
tify inherited disorders as there is considerable overlap between
coagulation factor levels in inherited or acquired deficiency
states and neonatal normal ranges, particularly in preterm
neonates. In addition, it is advisable to repeat investigations for
the levels of coagulation factors at the age of 6–12months to con-
firm (or exclude) inherited deficiencies. Themost useful screen-
ing tests in neonates are the prothrombin time (PT), activated
partial thromboplastin time (APTT), thrombin time (TT), fib-
rinogen and platelet count. Bleeding times are generally unhelp-
ful in neonates and investigation of platelet function abnormal-
ities is often deferred until a few months of age when platelet
aggregometry and PFA-100 become practical.

Inherited coagulation disorders (see also
Chapters 38 and 39)

The commonest inherited disorders presenting in the neona-
tal period are FVIII deficiency (haemophilia A), which has
a frequency of 1 in 5000 male births, and FIX deficiency
(haemophilia B), which occurs in 1 in 30,000 male births.

Factor VIII deficiency
Almost 40% of patients with inherited FVIII deficiency present
in the neonatal period. The clinical signs include intracranial
haemorrhage, cephalohaematomas and bleeding after circum-
cision or from venous or arterial puncture sites. As in adults,
the diagnosis is made by finding an isolated prolonged APTT
and reduced FVIII clotting activity. Acute management of the
bleeding neonate with haemophilia requires intravenous admin-
istration of recombinant FVIII (50–100 units/kg twice daily) to
achieve FVIII levels of 1.0 unit/mL. As the half-life of FVIII is
shorter than in adults, more frequent dosing or a continuous
FVIII infusion may be required. For neonates with intracra-
nial bleeding, treatment with FVIII should continue for at least
2 weeks. Fibrin glue may be useful in circumcision-associated
bleeds. The optimal mode of delivery for carriers known to
be carrying an affected child or at risk of carrying an affected
child, remains controversial. However, there is general agree-
ment that instrumental delivery, fetal blood sampling and use
of fetal scalp electrodes should be avoided. Late amniocentesis
is sometimes used to identify unaffected fetuses where delivery
can safely proceed without intervention. The role of prophylac-
tic FVIII administration to haemophiliac newborns following
difficult delivery to reduce the risk of intracranial bleeding (1–
4%) is controversial, but is increasingly used. Prophylactic FVIII
should also be used for a newborn haemophiliac when a previ-
ous sibling has had a major intracranial bleed.

Factor IX deficiency
Deficiency of FIX is clinically indistinguishable from FVIII defi-
ciency. As FIX levels are also low in liver disease and vitamin
K deficiency, it is important to recheck FIX levels at 6 weeks
and 6 months of age if the diagnosis is in doubt. Neonates
with bleeding are treated with recombinant FIX concentrate
(100 units/kg IV once daily, monitored to achieve a FIX level of
1.0 IU/mL).

von Willebrand disease in neonates
The two forms of von Willebrand disease (VWD) that can
present in neonates are type 2B vWD and type 3 VWD. Type
2B disease presents with thrombocytopenia and bleeding and is
very uncommon. Type 3 vWD has a clinical phenotype similar
to haemophilia, as levels of both VWF and FVIII are low. The
inheritance in type 3 vWD is autosomal recessive. The diagno-
sis is made by measuring VWF, FVIII and the pattern of VWF
multimers. At present, type 3 vWD is treated with a high purity
VWF:FVIII concentrate (such as Wilate®).

Factor XIII deficiency
This rare autosomal recessive disorder usually presents with
delayed bleeding from the umbilical cord during the first 3weeks
of life. The diagnosis is made by measuring clot solubility in
5 mol/L urea solution as a screening test, followed by a specific
FXIII assay. Molecular tests for the common FXIII mutations
are also available. The routine diagnostic coagulation screen is
normal in Factor XIII deficiency. Bleeding is treated with FXIII
concentrate.

Acquired disorders of coagulation

Causes of acquired coagulopathy in neonates include vitamin
K deficiency, DIC, liver disease, metabolic disorders, extracor-
poreal membrane oxygenation (ECMO) and giant haemangio-
endotheliomas (Kasabach–Merritt syndrome).

Vitamin K deficiency
Levels of vitamin-K-dependent procoagulant factors (FII, FVII,
FIX and FX), protein C and protein S are low at birth because
of poor placental transfer of vitamin K, low vitamin K stores at
birth, low vitamin K in breast milk and the lack of bacterial vita-
min K synthesis in the sterile neonatal gut. Vitamin K deficiency
can lead to haemorrhagic disease of the newborn, also known as
vitamin K deficiency bleeding (VKDB). Early VKDB presents in
the first 24 hours of life with severe gastrointestinal and intracra-
nial haemorrhage. It is usually due to maternal medication that
interferes with vitamin K, for example, anticonvulsants (phe-
nobarbital, phenytoin), antituberculous therapy or oral antico-
agulants. Classical VKDB presents at 2–7 days in 0.25–1.7% of
babies who have not received prophylactic vitamin K at birth,
especially if breast-fed or with poor oral intake. Late VKDB
occurs between 2 and 8 weeks after birth and presents with
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sudden intracranial haemorrhage in an otherwise well breast-
fed term baby or in babies with liver disease.
The diagnosis of VKDB is usually made by an isolated pro-

longed PT,which corrects following vitaminK administration. If
doubt remains, assays of the inactive form of FII (decarboxypro-
thrombin; PIVKA II) can be used to confirm the diagnosis.
Treatment of VKDB is vitamin K 1 mg intravenously or subcu-
taneously with fresh-frozen plasma only in severe haemorrhage.
Classic and late VKDB can be prevented by a single intramus-
cular dose of vitamin K or, slightly less effectively, by weekly
1-mg oral doses of vitamin K over the first 12 weeks of life (in
exclusively breast-fed infants neither single oral dose vitamin K
nor daily very low-dose vitamin K 25 μg are effective in pre-
venting classic VKDB). Some studies, but not others, suggest a
link between intramuscular vitamin K at birth and later child-
hood malignancies. In healthy babies, the choice of which route
of administration is increasingly being left to parents. However,
infants ofmothers taking drugs that inhibit vitaminK (for exam-
ple, warfarin) are at risk of early VKDB and these babies should
receive intramuscular vitamin K 1 mg as soon as possible after
birth.

Disseminated intravascular coagulation
The main triggers of DIC in neonates are severe hypoxia and/or
acidosis and sepsis. The main causes are DIC secondary to acute
perinatal hypoxia (for example in association with placental
abruption or a large, acute fetomaternal haemorrhage), septi-
caemia and necrotizing enterocolitis. DIC may also be seen sec-
ondary to perinatal Coxsackie virus infection. Neonates with
DIC are nearly always very sick and the clinical signs include
generalized bleeding, pulmonary haemorrhage and oozing from
venepuncture sites. The usual pattern of coagulation abnor-
malities in neonatal DIC is prolongation of the PT, APTT and
TT, together with low platelets and fibrinogen. D-dimers are
increased, but are not specific and can be found in healthy
neonates with no evidence of coagulopathy. The most impor-
tant aspect ofmanagement of DIC is treatment of the underlying
cause. Blood product replacement is indicated for clinical bleed-
ing, aiming to maintain the platelet count above 30 × 109/L and
fibrinogen greater than 1 g/L.

Neonatal thrombocytopenia

Thrombocytopenia occurs in 1–5% of all neonates and in up to
50% of neonates who are preterm and sick. It usually presents
in one of two clinical patterns: early onset thrombocytopenia
(within 72 hours of birth) and late onset thrombocytopenia
(after 72 hours of life) (Table 50.4). The most frequent causes
of early thrombocytopenia in preterm infants are intrauterine
growth restriction and maternal hypertension or diabetes; the
most frequent causes in term infants are neonatal alloimmune
thrombocytopenia (NAITP) and thrombocytopenia secondary
to maternal immune thrombocytopenic purpura (ITP). The

Table 50.4 Causes of neonatal thrombocytopenia.

Early onset (<72 hours)
� Placental insufficiency (PET, IUGR, diabetes)
� Neonatal alloimmune thrombocytopenia
� Birth asphyxia
� Perinatal infection (group B Streptococcus, Escherichia coli,
Listeria)
� Congenital infection (CMV, toxoplasmosis, rubella,
Coxsackie)
� Maternal autoimmune (ITP, SLE)
� Severe rhesus HDN
� Thrombosis (renal vein, aortic)
� Aneuploidy (trisomy 21, 18, 13)
� Congenital/inherited (TAR, Wiskott–Aldrich)

Late onset (>72 hours)
� Late-onset sepsis and necrotizing enterocolitis
� Congenital infection (CMV, toxoplasmosis, rubella)
� Maternal autoimmune (ITP, SLE)
� Congenital/inherited (TAR, Wiskott–Aldrich)

CMV, cytomegalovirus; HDN, haemolytic disease of the newborn;
ITP, idiopathic thrombocytopenic purpura; IUGR, intrauterine growth
restriction; PET, pre-eclampsia; SLE, systemic lupus erythematosus;
TAR, thrombocytopenia with absent radii.

most common causes of late thrombocytopenia are sepsis and
necrotizing enterocolitis.

Neonatal alloimmune thrombocytopenia
(NAITP)
NAITP is the platelet equivalent of haemolytic disease of the
newborn and affects around 1 in 1000 pregnancies. It is fre-
quently severe (platelet count <30 × 109/L) and occurs in
the first pregnancy in almost 50% of cases. Thrombocytope-
nia results from transplacental passage of maternal platelet-
specific antibodies to human platelet antigens (HPA), which the
mother lacks, but which the fetus inherits from the father. In
80% of cases, these are anti-HPA-1a antibodies and in 10–15%
anti-HPA-5b; occasional cases are due to anti-HPA-3a. HLA-
DRB3∗0101-positive women are 140 times more likely to make
anti-HPA-1a than HLA-DRB3∗0101-negative women. Intracra-
nial haemorrhage occurs in 10% of cases, with long-term neu-
rodevelopmental sequelae in 20% of survivors. The diagnosis is
made by demonstrating platelet antigen incompatibility between
mother and baby and anti-HPA antibodies in themother.Where
possible the neonate and both parents should have platelet
genotyping performed for the most common HPA alloantigens
(HPA-1a, -2, -3, -5b and -15). Where a clinical diagnosis of
NAITP is made and no antibodies or maternal–neonatal platelet
incompatibility to these five HPA antigens has been excluded,
it is not usually possible to identify the causal platelet antigen.
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Very few of these unexplained cases are due to antibodies against
minorHPA (such as HPA-6w andHPA-9w) and, therefore, most
groups currently do not routinely screen for these very low fre-
quency HPA antigens, except in selected severe cases.

Management of NAITP
Management depends on the gestation and postnatal age of the
baby, the history of previously affected siblings, the platelet count
and the extent of any bleeding. All neonates suspected to have
NAITP should have a cranial ultrasound scan to exclude the
presence of an ICH. Since the platelet count usually falls over
the first 4–7 days of life, all thrombocytopenic neonates with
NAITP should be monitored until there is a sustained rise in
their platelet count into the normal range. Platelet transfusion
is not indicated in a term neonate with platelet counts >30 ×
109/L who has no evidence of bleeding. Transfusion with HPA-
compatible (usually HPA1a, 5b-negative) platelets is recom-
mended for:
� platelet counts below 30 × 109/L in term neonates who have
no evidence of bleeding;
� platelet counts below 50 × 109/L and an ICH and/or a previ-
ously affected sibling with an ICH and/or birthweight < 1000g.
Neonates who have received intrauterine platelet transfu-

sions should be given irradiated platelets to prevent transfusion-
associated graft-versus-host disease. In some cases, thrombocy-
topenia may persist for up to 8–12 weeks. In such cases intra-
venous IgG (total dose 2 g/kg, over 2–5 days) may be useful
to reduce the need for repeated platelet transfusions. Antena-
tal management of NAITP is controversial and depends on the
severity of previously affected neonates, theHPAgenotype of the
father and on the HPA antibody specificity. Most centres have
abandoned the invasive approach, except in very high-risk cases,
as this relies on fetal blood sampling, plus fetal transfusion with
HPA-compatible platelets, which carries a risk of preterm deliv-
ery and fetal death. Instead,most centres now use a non-invasive
approach relying on maternal intravenous IgG therapy during
the second half of the pregnancy.

Neonatal autoimmune thrombocytopenia (see
also Chapter 42)
The majority of cases are secondary to transplacental pas-
sage of maternal platelet autoantibodies in maternal ITP, which
affects 1–2 in 1000 pregnancies. Most of the remaining cases
are secondary to maternal systemic lupus erythematosus (SLE)
although neonatal Kawasaki disease has also been reported.
Around 10% of infants develop thrombocytopenia, of which
around half will develop platelets<20× 109/L. The risk of major
haemorrhage, including ICH, is estimated at ∼1%. In babies
with severe thrombocytopenia, intravenous IgG (400mg/kg/day
given over 2–4 hours for 5 days or 1 g/kg/day for 2 days, total
dose 2 g/kg) is usually effective. In some cases neonatal throm-
bocytopenia is prolonged and may last up to 12 weeks before
spontaneously resolving.

Indications for platelet transfusion
A number of countries have published consensus guidelines to
help decide the indications for platelet transfusion in term and
preterm neonates. In general, platelet transfusion is not consid-
ered necessary in well babies if the platelet count is above 20–
30 × 109/L. Most groups agree that the threshold for transfusing
sick babies, particularly preterm babies in the first few weeks of
life, should be higher (30–50 × 109/L).

Neonatal thrombosis: physiology and
developmental aspects

Neonates have an increased risk of thrombosis (2.4 per 1000 hos-
pital admissions) comparedwith older infants and children. This
is largely due to the physiologically low levels of many of the
inhibitors of coagulation and the frequent use of indwelling vas-
cular catheters. Concentrations of antithrombin, heparin cofac-
tor II and protein C at birth are 30–50% of adult values; protein
S levels are also low, but overall protein S activity is normal as it
exists mainly in its free active form due to the virtual absence of
its binding protein (C4b-BP) in neonates. Levels of plasmino-
gen at birth are only 50% of adult values so neonates have a
reduced ability to generate plasmin in response to fibrinolytic
agents.

Screening tests for thrombophilia in neonates

The only inherited deficiencies for which there is a proven role
in neonatal thrombosis are deficiencies in proteins C and S,
which cause purpura fulminans, and deficiency of antithrom-
bin, although presentation in the neonatal period is extremely
rare. FV Leiden and the prothrombin 20210A promoter muta-
tion (prothrombin20210A) have not yet been reported to cause
neonatal thrombotic problems in isolation. The role of throm-
bophilia screening in neonates is controversial, since the signif-
icance of any findings remains very difficult to assess, particu-
larly since the risk of recurrence of thrombosis after an episode
in the neonatal period is very low (∼3%). Guidelines from the
Haemostasis and Thrombosis Task Force of the British Com-
mittee for Standards in Haematology (BCSH) state that congen-
ital thrombophilia should be considered and screened for in any
child with:
� clinically significant thrombosis, including spontaneous
thrombotic events, unanticipated or extensive venous thrombo-
sis, ischaemic skin lesions or purpura fulminans and
� a positive family history of neonatal purpura fulminans
The screening tests that should be performed in all sus-

pected cases of thrombophilia include protein C activity, pro-
tein S, antithrombin, FV Leiden and prothrombin20210A. In addi-
tion, babies with thrombosis born to mothers with SLE and/or
antiphospholipid syndrome should be tested for lupus antico-
agulant, as antiphospholipid antibodies may cross the placenta
and are a rare cause of neonatal thrombosis in such babies. The
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relevance of serum liporotein a and the MTHFR genotype to
neonatal management is unclear at present.

Inherited thrombotic disorders in neonates

Proteins C and S deficiency
Protein C deficiency occurs in 1 in 160,000–360,000 births.
Affected babies usually present within hours or days of birth
with purpura fulminans, in which there is DIC and rapidly pro-
gressive life-threatening haemorrhagic necrosis due to dermal
vessel thrombosis or cerebral, renal vein or ophthalmic throm-
bosis. The diagnosis of protein C deficiency is made by the clin-
ical picture and undetectable levels of protein C (<0.01 U/mL)
in the patient, together with heterozygote levels in the parents.
Protein-C-deficient heterozygotes rarely present as neonates and
have lowproteinC levels, whichmay overlapwith the lower limit
of normal in the first fewmonths of life, delaying diagnosis until
6 months or later. Treatment is with protein C concentrate (40
U/kg, aiming tomaintain a plasma level>0.25 U/mL). Protein S
deficiency presents with identical features; levels of protein S are
undetectable (<0.01 U/mL) and treatment is with fresh-frozen
plasma (10–20 mL/kg) to maintain a plasma protein S in excess
of 0.25 U/mL. The rarity of thrombosis in neonates with protein
S deficiency may in part reflect the relatively high level of active
protein S because of the undetectable levels of C4b-binding
protein.

Antithrombin deficiency
Homozygous antithrombin deficiency usually presents later in
childhood, but neonatal deep venous thrombosis and infe-
rior vena cava thrombosis have been reported. Heterozy-
gous antithrombin deficiency is more common (1 in 2000–
5000 births); it usually presents in the second decade of life,
but neonatal presentation with aortic thrombosis, myocardial
infarction and cerebral dural sinus thrombosis may occur.

Acquired thrombotic problems in neonates

The most common risk factors for neonatal thrombosis are
the presence of an intravascular catheter and shock, secondary
to sepsis, hypoxaemia or hypovolaemia. Maternal factors, such
as maternal thrombophilia, alcohol and cocaine use and pre-
eclampsia, may also increase the risk of neonatal thrombosis.
Thrombosis particularly affects the renal veins, the aorta, aor-
tic arch or cerebral vessels. Catheter-related thrombosis causes
more than 80% of venous thromboses and more than 90% of
arterial thromboses. The diagnosis is made by Doppler ultra-

sound or contrast angiography. Treatment of catheter-related
thrombosis depends on the severity and extent of thrombo-
sis. The first step is prompt removal, where possible. If signs
progress despite catheter removal, unfractionated heparin or
low-molecular-weight heparin should be started using a dos-
ing regimen adapted for neonates. Thrombolytic therapy with
urokinase or tissue plasminogen activator has been used suc-
cessfully for catheter-related thrombosis in neonates, but experi-
ence in preterm neonates is very limited. It is important tomain-
tain fibrinogen at levels less than 1 g/L and the platelet count
greater than 50× 109/L in neonates receiving thrombolytic ther-
apy, and heparin (starting dose 28 U/kg per hour) is often given
to maintain vessel patency after thrombolytic therapy, although
there is no evidence that this is beneficial. Excellent guidelines
for antithrombotic therapy in neonates are regularly updated by
the American College of Chest Physicians.
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CHAPTER 51

51WHO Classification: Tumours of the
Haematopoietic and Lymphoid
Tissues (2008)

Myeloproliferative neoplasms

Chronic myelogenous leukaemia, BCR–ABL1 positive
Chronic neutrophilic leukaemia
Polycythemia vera
Primary myelofibrosis
Essential thrombocythaemia
Chronic eosinophilic leukaemia, not otherwise specified
Mastocytosis

Cutaneous mastocytosis
Systemic mastocytosis
Mast cell leukaemia
Mast cell sarcoma
Extracutaneous mastocytoma

Myeloproliferative neoplasms, unclassifiable
Myeloid and lymphoid neoplasms associated with eosinophilia

and abnormalities of PDGFRA, PDGFRB or FGFR1
Myeloid and lymphoid neoplasms associated with PDGFRA

rearrangement
Myeloid neoplasms associated with PDGFRB rearrangement
Myeloid and lymphoid neoplasms with FGFR1 abnormalities

Myelodysplastic/myeloproliferative
neoplasms

Chronic myelomonocytic leukaemia
Atypical chronic myeloid leukaemia, BCR–ABL1 negative
Juvenile myelomonocytic leukaemia
Myelodysplastic/myeloproliferative neoplasms, unclassifiable

Refractory anaemia with ringed sideroblasts (RARS) associ-
ated with marked thrombocytosis∗

Myelodysplastic syndromes

Refractory cytopenia with unilineage dysplasia
Refractory anaemia
Refractory neutropenia
Refractory thrombocytopenia

Refractory anaemia with ring sideroblasts
Refractory cytopenia with multilineage dysplasia
Refractory anaemia with excess blasts
Myelodysplastic syndromes associated with isolated del(5q)
Myelodysplastic syndromes, unclassifiable
Myelodysplastic syndromes in children

Acute myeloid leukaemia

Acute myeloid leukaemia (AML) with recurrent genetic abnor-
malities
AML with t(8;21)(q22;q22), RUNX1–RUNX1T1
AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22), CBFB–

MYH11
Acute promyelocytic leukaemia with t(15;17)(q22;q11–12),

PML–RARA
AML with t(9;11)(p22;q23),MLLT3–MLL
AML with t(6;9)(p23;q34), DEK–NUP214
AML with inv(3)(q21q26.2) or t(3;3)(q21;q26.2), RPN1–

EVI1
AML (megakaryoblastic) with t(1;22)(p13;q13), RBM15–

MKL1
AML with mutated NPM1∗

AML with mutated CEBPA∗

Postgraduate Haematology, Seventh Edition. Edited by A Victor Hoffbrand, Douglas R Higgs, David M Keeling and Atul B Mehta.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.

885



Postgraduate Haematology

Acute myeloid leukaemia with myelodysplasia-related changes
Therapy-related myeloid neoplasms
Acute myeloid leukaemia, not otherwise categorized

AML with minimal differentiation
AML without maturation
AML with maturation

Acute myelomonocytic leukaemia
Acute monoblastic and monocytic leukaemia
Acute erythroid leukaemia

Acute erythroid leukaemia, erythroid/myeloid
Acute pure erythroid leukaemia

Acute megakaryoblastic leukaemia
Acute basophilic leukaemia
Acute panmyelosis with myelofibrosis
Myeloid sarcoma
Myeloid proliferations related to Down syndrome

Transient abnormal myelopoiesis
Acute myeloid leukaemia associated with Down syndrome

Blastic plasmacytoid dendritic cell neoplasm
Acute leukaemias of ambiguous lineage

Acute undifferentiated leukaemia
Acute biphenotypic leukaemia

Precursor lymphoid neoplasms

B lymphoblastic leukaemia/lymphoma
B lymphoblastic leukaemia/lymphoma, not otherwise specified
B lymphoblastic leukaemia/lymphoma with recurrent cytoge-

netic/molecular genetic abnormalities
B lymphoblastic leukaemia/lymphoma with t(9:22)(q34;

q11.2), BCR–ABL1
B lymphoblastic leukaemia/lymphoma with t(11q23), MLL

rearranged
B lymphoblastic leukaemia/lymphoma with t(12;21)(p13;

q22), TEL–AML1 (ETV6–RUNX1)
B lymphoblastic leukaemia/lymphoma with hyperdiploidy
B lymphoblastic leukaemia/lymphoma with hypodiploidy

(hypodiploid ALL)
B lymphoblastic leukaemia/lymphomawith t(5;14)(q31;q32),

IL3–IGH
B lymphoblastic leukaemia/lymphoma with t(1;19)(q23;

p13.3), E2A–PBX1 (TCF3–PBX1)
T-lymphoblastic leukaemia/lymphoma

Mature B-cell neoplasms

Chronic lymphocytic leukaemia/small lymphocytic lymphoma
B-cell prolymphocytic leukaemia
Splenic marginal zone lymphoma
Hairy-cell leukaemia

Splenic lymphoma/leukaemia, unclassifiable
Splenic diffuse red pulp small B-cell lymphoma∗

Hairy-cell leukaemia variant∗

Lymphoplasmacytic lymphoma
Waldenström macroglobulinaemia

Heavy chain diseases
Alpha heavy chain disease
Gamma heavy chain disease
Mu heavy chain disease

Plasma cell myeloma
Solitary plasmacytoma of bone
Extraosseous plasmacytoma
Extranodal marginal zone B-cell lymphoma of mucosa-

associated lymphoid tissue (MALT lymphoma)
Nodal marginal zone B-cell lymphoma

Paediatric type nodal marginal zone lymphoma
Follicular lymphoma

Paediatric type follicular lymphoma
Primary cutaneous follicle centre lymphoma
Mantle cell lymphoma
Diffuse large B-cell lymphoma (DLBCL), not otherwise

specified
T-cell/histiocyte-rich large B-cell lymphoma
DLBCL associated with chronic inflammation
EBV-positive DLBCL of the elderly

Lymphomatoid granulomatosis
Primary mediastinal (thymic) large B-cell lymphoma
Intravascular large B-cell lymphoma
Primary cutaneous DLBCL, leg type
ALK-positive large B-cell lymphoma
Plasmablastic lymphoma
Primary effusion lymphoma
Large B-cell lymphoma arising in HHV8-associated multicen-

tric Castleman disease
Burkitt lymphoma
B-cell lymphoma, unclassifiable, with features intermediate

between DLBCL and Burkitt lymphoma
B-cell lymphoma, unclassifiable, with features intermediate

between DLBCL and classical Hodgkin lymphoma

Mature T-cell and NK-cell neoplasms

T-cell prolymphocytic leukaemia
T-cell large granular lymphocytic leukaemia
Aggressive NK-cell leukaemia
Systemic EBV-positive T-cell lymphoproliferative disease of

childhood (associated with chronic active EBV infection)
Hydroa vaccineforme-like lymphoma
Adult T-cell leukaemia/lymphoma
Extranodal NK/T-cell lymphoma, nasal type
Enteropathy-associated T-cell lymphoma
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Hepatosplenic T-cell lymphoma
Subcutaneous panniculitis-like T-cell lymphoma
Mycosis fungoides
Sézary syndrome
Primary cutaneous anaplastic large-cell lymphoma
Primary cutaneous aggressive epidermotropic CD8-positive

cytotoxic T-cell lymphoma∗

Primary cutaneous γδ T-cell lymphoma
Primary cutaneous small/medium CD4-positive T-cell

lymphoma∗

Peripheral T-cell lymphoma, not otherwise specified
Angioimmunoblastic T-cell lymphoma
Anaplastic large-cell lymphoma, ALK positive
Anaplastic large-cell lymphoma, ALK negative∗

Hodgkin lymphoma

Nodular lymphocyte-predominant Hodgkin lymphoma
Classical Hodgkin lymphoma

Nodular sclerosis classical Hodgkin lymphoma
Lymphocyte-rich classical Hodgkin lymphoma
Mixed cellularity classical Hodgkin lymphoma
Lymphocyte depleted classical Hodgkin lymphoma

∗ These represent provisional entities or provisional subtypes of other neoplasms. They are provisional because there are insufficient data to support their
being a definite entity, significant controversies about their defining features and/or uncertainty about whether they are unique or closely related to other
definite entities. Further classify according to the lymphoma they resemble.

Histiocytic and dendritic cell neoplasms

Histiocytic sarcoma
Langerhans cell histiocytosis
Langerhans cell sarcoma
Interdigitating dendritic cell sarcoma
Follicular dendritic cell sarcoma
Dendritic cell tumour, not otherwise specified
Indeterminate dendritic cell tumour
Fibroblastic reticular cell tumour

Post-transplant lymphoproliferative
disorders

Early lesions
Reactive plasmacytic hyperplasia
Infectious mononucleosis-like

Polymorphic post-transplant lymphoproliferative disorder
Monomorphic post-transplant lymphoproliferative disorder

(B- and T/NK-cell types)
Classical Hodgkin’s lymphoma-type post-transplant lympho-

proliferative disorder
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CLL, 517
follicular lymphoma, 623
mantle cell lymphoma, 629

ABT-263, CLL, 517
ABVD (doxorubicin, bleomycin, vinblastine,

dacarbazine) regimen, 602, 608, 609, 610
acaeruloplasminaemia, 45
ACAMPs, 248
acanthocytosis, 124, 124

hereditary, 154–155
polycythaemia vera, 477
pyruvate kinase deficiency, 127, 127

ACD see anaemia of chronic disease
ACE see angiotensin-converting enzyme

achlorhydria, 34, 62
aciclovir, 377
acid phosphatase, 261

Gaucher disease, 274
acidaemia, congenital methylmalonic, 64
aciduria

congenital methylmalonic, 64
orotic, 53

Acinetobacter spp., leukaemia patients, 404
aclarubicin, 357
acquired aplastic anaemia, 174–187

aetiology and incidence, 174–175
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genetic predisposition, 179
haemopoietic defect, 175, 177
immune-mediated nature, 175, 178–179, 178
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pathogenesis, 175, 177, 178–179, 178
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immune-mediated defect, 175, 177–178
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haemophilia, 725, 758–760, 758, 759, 759
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acquired circulating anticoagulants, 842, 843
acquired coagulation disorders, 743–760

amyloidosis, 758
APL, 748–749
arteriovenous malformations, 756–757
bruising, 755–756
cardiopulmonary bypass surgery, 754

coagulation tests, 743–744, 744
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Bcl-XL pathway, 18, 18
BCL2 inhibitors, 516–517, 516, 517

follicular lymphoma, 623
BCL2 mutation, 345

follicular lymphoma, 616
BCL2 protein, 341, 443

CLL, 502
primary cutaneous DLBCL, leg type, 586
T-cell/histiocyte-rich large B-cell lymphoma, 586

BCL6 protein, 341, 635
B-cell neoplasms, 577, 586
follicular lymphoma, 501

BCL6 translocations
B-cell lymphomas, 644
DLBCL, 584, 632, 634
follicular lymphoma, 582, 616

BCL10, 581
BCL11A, 76
BCLX, CLL, 502
BCNU, DLBCL, 637
BCOR, 453
BCR gene, 381
BCR-ABL1 fusion gene, 318, 342, 343, 348
ALL, 373, 374

childhood, 389, 391
AML, 365
CML, 419, 421, 422, 423, 425–426, 425
detection

FISH, 344, 345, 422
PCR, 347, 421, 425–426, 425

BCR-ABL1 protein, 325, 325, 424
BCR-ABL1-like ALL, 390
BCR-signal inhibitors, 516–517, 516, 517
BD (bortezomib, dexamethasone) regimen, 553
BEACOPP (bleomycin, etoposide, doxorubicin,

cyclophosphamide, vincristine, procarbazine,
prednisolone) regimen, 608, 609, 610

toxicity, 613

BEAM/mini-BEAM (BCNU, etoposide, cytarabine,
melphalan) regimen, 637

Beau’s lines, 416
Behçet disease, 818
belinostat, peripheral T-cell non-Hodgkin lymphoma,

530
Bence-Jones proteins, 551, 564
bendamustine
CLL, 514, 515, 516
follicular lymphoma, 620, 621–622
mantle cell lymphoma, 628
multiple myeloma, 556, 559

Bernard-Soulier syndrome, 706, 711, 765, 766,
768

genes involved in, 770
β-2 microglobulin
amyloidosis, 562, 563, 572
CLL, 509–510

β-lactamase resistance, 411
β-thalassaemias, 78–87
clinical findings, 82
deletions restricted to β-globin gene, 79,

80
distribution, 78
haemoglobin variants, 86

HbC/β-thalassaemia, 86
HbE/β-thalassaemia, 86
Hbs/β-thalassaemia, 86

heterozygous, 85–86
laboratory diagnosis, 82, 82
management, 83–85, 83

blood transfusion, 83
HSCT, 85
iron overload, 84
monitoring and annual review, 85

molecular pathology, 78
mutations affecting post-translational stability, 79,

79
pathophysiology, 80–81, 81
processing, 78–79
prognosis, 85
sickle cell/β/thalassaemia, 107
transcription, 78
translation, 79
unusual causes, 79–80
variant forms, 86–87

β2-glycoprotein I, 813
antibodies, 815–816

β3 mutation, 770
bevacizumab, peripheral T-cell non-Hodgkin

lymphoma, 530
bexarotene, mycosis fungoides, 534
bilharzia, 867
bilirubin, unconjugated, 114
biopsy
bone marrow, 336–337, 338
gastric, pernicious anaemia, 62
liver, HFE haemochromatosis, 43, 43

Birbeck bodies, 266, 267
BIRC3 mutation, CLL, 504, 505
BIRC3-MALT1 chimeric gene, 580
birds, haemopoiesis in, 7
bisphosphoglycerate mutase mutase, 129
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bisphosphonates
mastocytosis, 493
multiple myeloma, 547
thalassaemia, 85

bivalirudin, 821
blackwater fever, 149, 858

see also malaria
blast cells, 336, 337

childhood ALL, 387, 388
blast crisis, 420–421, 420
Blastomyces dermatitidis, leukaemia patients, 404
bleeding see blood loss
bleeding disorders see coagulation disorders
bleeding time, 712
bleomycin

DLBCL, 637
Hodgkin lymphoma, 608, 609

blinatumomab, 383
BLM variant, 319
BLOCK1S3 mutation, 769, 770
blood count, 19

childhood ALL, 387, 387
Hodgkin lymphoma, 605
malignant disease, 332–334, 333–336
MDS, 454
see also specific cell counts

blood donors, 214–215, 215
exclusions, 215
protective measures
donors, 215
recipients, 215

selection criteria, 214–215
blood film

acute monoblastic leukaemia, 336
ALL, 335, 336
α-thalassaemia major, 877
AML, 334, 335, 336, 337
APL, 334
B-PLL, 519
Burkitt lymphoma, 333, 588
CLL, 334, 503
CML, 335
CNL, 496
Diamond-Blackfan anaemia, 873
follicular lymphoma, 521
hairy cell leukaemia, 519
HDFN, 874
malignant disease, 332–334, 333–336
mantle cell lymphoma, 522
MDS, 336
multiple myeloma, 337, 542
myelofibrosis, 487, 487
P. falciparum malaria, 857
polyclonal B-cell lymphocytosis, 505
polycythaemia vera, 337
red cell membrane disorders, 875
Richter’s syndrome, 506
splenic marginal zone lymphoma, 521
T-PLL, 525
transient leukaemia in Down syndrome, 880

blood groups, 195, 196, 199–202
ABO, 196, 202–205, 203
antibodies, 197, 203, 204

antigens, 202–204, 203
incidence, 202
universal donors, 204

antibodies, 197–198
clinical significance, 198–199
cold/warm, 197–198
IgM and IgG, 198
lectins, 198
monoclonal, 198
naturally occurring/immune, 197
see also specific blood group systems

antigens, 195–196
biological significance, 212–213
see also specific blood group systems

Duffy, 196, 211, 226
haemolytic transfusion reactions, 229
malaria resistance, 212–213, 859

identification
adsorption and elution tests, 200
agglutination techniques, 199–200, 199
antibody screening, 201–202
automated techniques, 201
blood grouping reagents, 201
ELISA, 200, 200
haemolysis reaction, 200, 200
microcolumn tests, 200, 201
microplate systems, 201
molecular methods, 202

Kell, 196, 210–211
Lewis, 196, 205–207, 206
antibodies, 206–207
antigens, 205–206, 206

MNS, 196, 210
P1PK, 196, 207
Rh, 196, 207–210

antibodies, 209–210
antigens, 207–208, 208
band 3/Rh molecular macrocomplexes, 208–209
D, C/c and E/e polymorphism, 208
D variants, 209
fetal Rh genotype prediction, 210
genes and proteins, 208, 208
molecular genetics, 208, 208
probable genotype, 208

see also individual blood groups
blood loss

essential thrombocythaemia, 482
fetomaternal, 243–244, 877, 878
iron deficiency anaemia, 32
major, 238
massive, 755, 755
MDS, 462
post-splenectomy, 309

blood lymphocyte doubling time, 508
Blood Safety and Quality Regulations (2005), 214,

235
blood transfusion, 214–245

anticoagulants and additives, 222
appropriate uses, 235–244

acquired aplastic anaemia, 180
β-thalassaemias, 83–84
haemolytic disease of fetus and newborn, 239–244,

240–243, 243

major haemorrhage, 238–239
neonatal alloimmune thrombocytopenia, 244
sickle cell disease, 102, 110–111, 226

clinical decision to transfusion, 237
clinical/laboratory transfusion practice, 224–225
complications, 228–235, 229

anaphylactic reactions, 233–234
febrile non-haemolytic transfusion reactions, 228,

232
haemolytic transfusion reactions, 229–232, 229,

230, 231
haemosiderosis, 234
infection see transfusion-transmitted infection
mild allergic reactions, 233
post-transfusion purpura, 233
red cell antigen sensitization, 228–229
transfusion-associated circulatory overload

(TACO), 233, 234, 235
transfusion-associated GVHD, 180, 232–233
transfusion-related acute lung injury (TRALI), 232,

233
component processing, 221
cryoprecipitate, 224, 238
donors, 214–215, 215
EU Blood Directives, 214, 220, 224–225
fresh-frozen plasma, 224, 238
granulocyte concentrates, 223–224
haemovigilance, 235, 236
HDFN, 874
irradiated blood components, 180, 224, 226, 227
laboratory tests

compatibility testing (cross-matching), 225
donated blood, 220–224, 221, 223
electronic cross-matching, 225–226
pretransfusion group and screen, 225

leucodepletion, 221, 222
massive, 747
minimization of transfusion, 237, 237
NTDT, 94
patient blood management, 235–236
patient identification, 228
platelets, 221, 222–223, 238, 771

in additive solution, 223
aplastic anaemia, 180
massive blood loss, 755
MDS, 462
preparation, 221
response and refractoriness, 238
RhD-positive, 244

red cells, 222
intrauterine neonatal, 222, 223
massive blood loss, 755
transfusion triggers, 237–238

regulatory aspects, 214
safety procedures, 228
special requirements, 226–228

antenatal testing, 226
autoimmune haemolytic anaemia, 227–228
haemato-oncology, 226, 227
haemoglobinopathy, 226
neonatal ‘top-up’ transfusion, 226

storage changes, 220–222, 239
warm-type AIHA, 143
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‘wrong blood in tube’ (WBIT) errors, 228
see also entries under transfusion

blood vessels, 682–684
architecture, 683
endothelial cells

anticoagulant activities, 684
fibrinolytic factors, 684

endothelium, 682
platelet-vessel wall interaction, 682–683, 683
von Willebrand factor, 683–684

Bloom syndrome, 319
childhood ALL, 384

BMI1-PIP4K2A, 385
BMP, 7–8

inhibitors, 543
multiple myeloma, 543

BMP4, 9
BMP6, 25
Bombay phenotype, 203
bone lesions

multiple myeloma, 542–543, 542, 546–547, 546, 547
sickle cell disease, 104, 106
solitary plasmacytoma, 545

bone marrow
acquired aplastic anaemia, 177
African trypanosomiasis, 865
amyloidosis, 567
aplasia, 840
aspiration, 31, 31

ALL, 371
B cells, 291
CLL, 504
clonal hypereosinophilia, 496
CML, 420
erythroid niche, 3, 3, 7, 17–18, 18
essential thrombocythaemia, 484
failure see bone marrow failure
Gaucher cells, 274
haemophagocytosis, 850
haemopoiesis, 2, 3, 3, 4

adults, 6–7
embryo, 5, 5

hairy cell leukaemia, 520
infiltration, 763
iron stores, hypochromic anaemia, 30
ITP, 777, 777
leishmaniasis, 866
lymphocyte development, 279
malaria, 858
malignant disease, 334–335, 337
mastocytosis, 493, 494
MDS, 454–457, 455–457
megaloblastic anaemia, 58, 58
multiple myeloma, 542
myelofibrosis, 487–488, 488
Pearson syndrome, 873
transplantation, CNL, 497
trephine biopsy, 336–337, 338

bone marrow failure, 156–173, 157
congenital amegakaryocytic thrombocytopenia, 157,

171–172, 172
congenital dyserythropoietic anaemia, 157, 168–170,

169, 169, 170

congenital neutropenia, 170–171, 171
Diamond-Blackfan anaemia, 48, 50, 136, 157,

167–168
dyskeratosis congenita, 157, 162–165, 162, 163, 164
Fanconi anaemia, 156–162, 157, 158, 159, 160, 161
laboratory tests, 172
multiple myeloma, 548–549
paroxysmal nocturnal haemoglobinuria, 187, 188
Shwachman-Diamond syndrome, 164, 165–167, 166,

166
thrombocytopenia with absent radii, 171

bone marrow transplantation
amyloidosis, 571
CNL, 497
infection prophylaxis, 413, 413
sideroblastic anaemia, 39

bone morphogenetic protein see BMP
bone pain

leukaemia patients, 417
multiple myeloma, 543, 547

Bordetella pertussis, 299
Borrelia burgdorferi, MALT lymphoma, 581
bortezomib

amyloidosis, 570
DLBCL, 641
GVHD, 674
mantle cell lymphoma, 522, 629
multiple myeloma, 548, 553, 554, 555, 557, 558, 560
peripheral T-cell non-Hodgkin lymphoma, 530
side-effects, 558–559
Waldenström’s macroglobulinaemia, 627

bosutinib
childhood ALL, 389
CML, 429–430

BPI protein, 261
BRAF mutation, 327

hairy cell leukaemia, 519
branching evolution (of cancer), 315, 328
BRCA2 gene, 160
BRCA2 protein, 159
BRD4, 323
breakbone fever, 867
breast cancer, mutations in, 320
brentuximab vedotin

Hodgkin lymphoma, 608, 610
peripheral T-cell non-Hodgkin lymphoma, 530–531

British Committee for Standards in Haematology
(BCSH), 225, 462

bronchoalveolar lavage (BAL), 406
Brugia malayi, 861
Brugia timori, 861
bruising, 755–756

inherited disorders, 756
non-accidental, 755
painful bruising syndrome, 756
purpura simplex, 755
scurvy, 756
senile purpura, 755

Bruton’s tyrosine kinase, 280–281, 282
inhibitors see ibrutinib

BTD (bortezomib, thalidomide, dexamethasone)
regimen, 553

BTLA, 296

Budd-Chiari syndrome, 188, 836
polycythaemia vera, 476

buffy coat method, 221
Burkitt lymphoma, 301–302, 321, 372, 577, 587–588,

588, 643–644
blood film, 333
cytogenetics, 345, 632
genetic/molecular features, 643, 644
HIV-positive patients, 646
immunohistochemistry, 341
immunophenotype, 577
treatment and prognosis, 643–644

bursa of Fabricius, 278
burst-forming unit-erythroid units, 2, 12, 18
busulfan
CNL, 497
essential thrombocythaemia, 485
myeloablative conditioning regimens, 660
polycythaemia vera, 478

c-ErbA/thyroid hormone receptor, 17
c-KIT, 3, 4, 6, 17
AML, 364
mastocytosis, 491

c-MLP mutations, 770
c-Mpl receptor, 701
C-MYC mutation
B-PLL, 501
CLL, 502
non-Hodgkin lymphoma, 388, 632

C-reactive protein, ACD, 839
C/EBPα, 251
C/EBPε, 251
C1-esterase inhibitor, 693
C1q, 248
C3, 283, 792
receptors, 140–141, 142

C3a, 791
C3b, 283, 791
C3bBb, 275
C3bi, 248
C5a, 249, 262
C15ORF41 mutation, 873
C471S-BTK mutations, 517
caeruloplasmin, 26, 30
acaeruloplasminaemia, 45
deficiency, 35

café-au-lait spots, 156, 158
calcium
hypercalcaemia, 547
hypocalcaemia, 415
as second messenger, 709

CALDAG-GEF1, 709
calpains, 253, 711
calreticulin, 482
cAMP-dependent protein kinase (PKA), 711
Campylobacter spp., anaemia, 848
Campylobacter jejuni, MALT lymphoma, 581
cancer see malignant disease
cancer genome, 314, 315, 316, 316
Cancer and Leukaemia Group B (CALGB), 466
cancer-related venous thromboembolism, 816–817,

817
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Candida spp.
CLL, 512
leukaemia patients, 404, 407, 408, 410
line-associated, 408
post-HSCT, 667

Candida glabrata, 667
Candida kruseii, 667
Candida lusitaniae, 409
candidate genes in MDS, 447–453
cannabinoids, CINV, 414
caplacizumab, 790
CAR-T cells, 518
carbamazepine

drug interactions
NOACs, 825
warfarin, 822

neuropathic pain, 417
carbapenem, 411
carboplatin

DLBCL, 637
follicular lymphoma, 622
Hodgkin lymphoma, 611
immune haemolytic anaemia, 146, 147

carboxypeptidase, 264
carcinoma-related warm-type AIHA, 143
card agglutination test for trypanosomiasis (CATT),

865
CARD11, 585
cardiac complications

amyloidosis, 569
post-HSCT, 671
thrombocytopenia, 764
TTP, 786

cardiac haemolysis, 150–151
cardiac iron, 47, 47
cardiopulmonary bypass surgery, haemostatic

abnormalities, 754
cardiopulmonary postperfusion syndrome, 151
cardiovascular disease

chemotherapy-induced, 612–613
folate deficiency, 68
megaloblastic anaemia, 56–57

carfilzomib, 559
carpal tunnel syndrome, amyloidosis, 565, 572
CARs see chimeric antigen receptors
Cartwright blood group system, haemolytic transfusion

reactions, 229
Castleman disease, 572
catalase, 261
cathepsin C, 260
cathepsin G, 250, 251, 749
cathepsin G-like protease, 264
catheter-directed intrathrombus thrombolysis (CDT),

834
CBFB-MYH11, 362, 365, 366
CBLmutation, 93, 319, 453

MDS, 450, 450
CC-292, CLL, 516
CCL3 see MIP-1α
CCL18, 271, 274
CCND1 mutation, 318, 345

mantle cell lymphoma, 583
multiple myeloma, 540

CCND1-IGHG1, 347
CCND2 mutation, multiple myeloma, 540
CCND3 mutation

Burkitt lymphoma, 643
multiple myeloma, 540

CCR1-9, 297, 298
CD1, ALL, 372
CD1d, 292
CD2, 289, 341

CMML, 470
mastocytosis, 492, 493
Sézary syndrome, 534
T-PLL, 525

CD3, 2, 283, 289, 299
ALL, 372, 388
angioimmunoblastic T-cell lymphoma, 528
LGL, 526
MPAL, 355
Sézary syndrome, 534
T-cell/histiocyte-rich large B-cell lymphoma, 586

CD3S, T-cell neoplasms, 589
CD4, 2, 178, 278, 288, 289, 290–291, 295–296, 295, 299,

340, 341
ALL, 388
AML, 355
angioimmunoblastic T-cell lymphoma, 528
T-cell neoplasms, 589

Sézary syndrome, 534
T-cell/histiocyte-rich large B-cell lymphoma, 586

CD5, 291, 341
B-cell chronic lymphoproliferative disorders, 501
B-cell neoplasms, 577

CLL, 504
DLBCL, 584
follicular lymphoma, 582
MALT lymphoma, 580
mantle cell lymphoma, 522, 584

LGL, 526
polyclonal B-cell lymphocytosis, 505
Sézary syndrome, 534
T-cell neoplasms, 589
T-PLL, 525

CD7, 289, 340, 341
ALL, 372, 388
CML, 421
T-cell neoplasms, 589

Sézary syndrome, 534
T-PLL, 525

CD8, 2, 178, 278, 283, 288, 289, 290–291, 299, 340
ALL, 388
LGL, 526
T-cell neoplasms, 589

Sézary syndrome, 534
CD10, 254, 289, 340, 341

ALL, 372
angioimmunoblastic T-cell lymphoma, 528
B-cell chronic lymphoproliferative disorders, 501
B-cell neoplasms, 577

DLBCL, 585
follicular lymphoma, 582
MALT lymphoma, 580
primary cutaneous DLBCL, leg type, 586

MPAL, 355

CD11/18, 247
CD11b

ALL, 388
AML, 355

CD11b/18, 249, 254
CD11c

AML, 355
B-cell chronic lymphoproliferative disorders, 501
hairy cell leukaemia, 519, 520
non-Hodgkin lymphoma, 615

CD13, 254
ALL, 388
AML, 355
CMML, 470

CD14, 248, 254, 271
AML, 355
CMML, 470

CD15, 2, 254, 341
ALL, 388
AML, 355
PMBL, 586
T-cell/histiocyte-rich large B-cell lymphoma, 586

CD16, 249, 253, 254, 291
AML, 355

CD19, 2, 281, 287, 291, 296, 299
ALL, 372, 383
CLL, 501
hairy cell leukaemia, 519
mantle cell lymphoma, 522
MPAL, 355
multiple myeloma, 550, 578
non-Hodgkin lymphoma, 615
polyclonal B-cell lymphocytosis, 505

CD20, 143, 289, 291, 341
ALL, 388
B-cell chronic lymphoproliferative disorders, 501
B-cell neoplasms, 577

hairy cell leukaemia, 519, 520
mantle cell lymphoma, 522, 584

monoclonal antibodies, 623, 627
see also rituximab

CD21, 281, 291, 300
CD22, 287

ALL, 372, 388
antibody, 383
hairy cell leukaemia, 519, 520
MPAL, 355

CD23, 291
B-cell chronic lymphoproliferative disorders, 501
B-cell neoplasms, 577

CLL, 504
follicular lymphoma, 582
MALT lymphoma, 580

non-Hodgkin lymphoma, 615
polyclonal B-cell lymphocytosis, 505

CD24, 287
CD25, 178, 291, 296, 340, 341

hairy cell leukaemia, 519
mastocytosis, 492, 493
non-Hodgkin lymphoma, 615

CD27, polyclonal B-cell lymphocytosis, 505
CD28, 294, 296

multiple myeloma, 550
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CD29, 175
CD30, 341

anaplastic large-cell lymphoma, 529
antibodies, 530–531, 608

see also brentuximab vedotin
B-cell neoplasms, 577

PMBL, 586
T-cell/histiocyte-rich large B-cell lymphoma,

586
mastocytosis, 492
primary cutaneous CD30+ lymphoproliferative

disorders, 535
T-cell neoplasms, 589

CD31, 247, 248
CD32, 249
CD33, 341

ALL, 388
AML, 355, 369
CMML, 470

CD34, 3, 9, 13, 175, 178, 263, 289, 289, 337, 655
ALL, 372, 388
AML, 355
CMML, 470
MDS, 440, 442
myelofibrosis, 486

CD35, 249, 254
CD36, 7–9, 101, 709

AML, 355
CD37, 291
CD38, 291, 340

AML, 355
antibodies, 559
B-cell neoplasms, 577

CLL, 509
MDS, 442
multiple myeloma, 541

CD39, 291, 682, 699
CD40, 283, 291, 294
Hodgkin lymphoma, 602

CD40L, 700
CD41, 4

AML, 355
CD42, AML, 355
CD43

B-cell neoplasms, 577
follicular lymphoma, 582
mantle cell lymphoma, 584

CD44, 175, 212, 247
MDS, 442
multiple myeloma, 541

CD45, 4, 175, 254
multiple myeloma, 543

CD45RA, 3
LGL, 526

CD49/29, 247
CD49d

CLL, 509
multiple myeloma, 541

CD49e, 541
CD49f, 541
CD50, 247
CD51/-, 247
CD51/61, 247

CD52, 341
monoclonal antibodies see alemtuzumab
T-PLL, 525

CD54, 247
CD55, 341, 819
CD56, 292, 299, 341
CMML, 470
multiple myeloma, 550, 578
T-cell neoplasms, 589

CD57, 292, 299
LGL, 526

CD59, 191, 341, 819
blood group system, 196

CD61, AML, 355
CD62, 247
CD63, 261
CD64, 249

AML, 355
CMML, 470

CD65
ALL, 388
AML, 355

CD66, 254
CD67, 254
CD68

CMML, 470
T-cell/histiocyte-rich large B-cell lymphoma,

586
CD71, 13, 14–15, 14, 22

CLL, 502
CD72, 341
CD74, 284
CD79, 281
CD79a, 341

AL, 372
MPAL, 355

CD79α, ALL, 388
CD79b

CLL, 504
non-Hodgkin lymphoma, 615

CD80, 283, 294
Langerhans cell histiocytosis, 266

CD86, 283, 294
Langerhans cell histiocytosis, 266

CD89, 249
CD90, 175
CD94, 291
CD95, 541
CD102, 247
CD103, 340

B-cell chronic lymphoproliferative disorders, 501
B-cell neoplasms, 577

hairy cell leukaemia, 519
non-Hodgkin lymphoma, 615

CD105, 175
CD106, 175, 247

multiple myeloma, 541
CD117

AML, 355
mastocytosis, 492
multiple myeloma, 550

CD123, 341
CMML, 470

hairy cell leukaemia, 519
non-Hodgkin lymphoma, 615

CD138, 340, 343, 543
B-cell neoplasms, 577
multiple myeloma, 541
plasmacytoma, 580
T-cell/histiocyte-rich large B-cell lymphoma, 586

CD150, 3
CD151, 212
CD157, 248
CD163, 248
CMML, 470

CD200
B-cell chronic lymphoproliferative disorders, 501
CLL, 502, 504
hairy cell leukaemia, 519
mantle cell lymphoma, 522
non-Hodgkin lymphoma, 615

CD269, 343
CD319, 343
CDA see congenital dyserythropoietic anaemia
CDAN-1 mutation, 873
CDK6, 370
CDKN2A mutation, 322, 385, 390
CLL, 502

CDKN2B mutation, 385, 390
CDR, 286
CDR3, CLL, 502
CEBPA mutation, 319, 343, 348, 354, 356, 364, 365
CEBPA transcription factor, 453
CEBPE gene, 385
ceftazidime, 407
ceftriaxone, 407
cefuroxime, 407
cell adhesion molecules, phagocytic, 247
cell signalling see signalling pathways
cell-mediated red cell destruction, 140–141
cell-surface markers, ALL, 372
cellulitis, 411
central nervous system
ALL, 380–381, 395
lymphoma, 639, 646–647

prophylaxis, 648
centroblasts, 294
centrocytes, 294
cephalosporins, immune haemolytic anaemia, 146,

147
cerebellar hypoplasia, dyskeratosis congenita, 163
cerebral vein thrombosis, 836
Cerezyme®, 275
CFU-GEMM, 265
cGMP-dependent protein kinase (PKG)-1, 711
Chagas disease see American trypanosomiasis
Charcot-Leyden crystal protein, 264
Charcot-Leyden granules, 261, 261
check point inhibitors, 560
Chédiak-Higashi syndrome, 253, 256, 260, 268, 769
chemokines, 297, 298, 298, 700
chemotherapy
and MDS, 439, 443
toxicity

auditory, 417
bleeding disorders, 843
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chemotherapy (Continued)
cardiovascular disease, 612–613
infertility, 613
nausea and vomiting (CINV), 414
neutropenia, 406
secondary malignancies, 612
venous thrombosis, 812

visual toxicity, 417
see also specific drugs and regimens

chest syndrome in sickle cell disease, 102, 104, 105,
105

chest X-ray, ALL, 375
Chido-Rodgers blood group system, 196
childhood ALL, 384–398

aetiology, 384–385
environmental factors, 385
genetic factors, 384–385

clinical features, 386
cytogenetics, 388–390
BCR-ABL1 rearrangements, 389
BCR-ABL1-like ALL, 390
CRLF2/JAK2 rearrangements, 390
E2A-PBX1 rearrangements, 389
hyperdiploid/hypodiploid ALL, 388–389
iAMP21, 389–390
MLL rearrangements, 389
T-cell ALL, 390
TEL-AML1 rearrangements, 389

differential diagnosis, 386–387
epidemiology, 384
future strategies, 398
immunophenotypic classification, 388
early pre-B-ALL, 388
mature B-cell ALL, 388
pre-B-ALL, 388
T-lineage ALL, 388

laboratory features, 387–388, 387
molecular biology, 388–390
pathogenesis, 385–386, 386
prognostic factors, 390–392
early response, 391
minimal residual disease, 391–392
pharmacogenetic variables, 392
presenting features, 390–391, 390, 391

treatment, 392–398, 394, 395, 396
allogeneic HSCT, 395
CNS-directed, 395
continuation therapy, 394
current UK strategy, 392, 394–395, 394, 395
delayed intensification, 394
Down syndrome, 397
drugs and protocols, 392, 393
historical background, 392
induction and consolidation, 394
infants, 396–397
interim maintenance, 394
outcomes, 395–396, 396
relapse, 397
resource-poor settings, 397–398
risk stratification, 392, 394, 394
steroids and asparaginase, 395
teenagers and young adults, 396
toxicity, 397

children
ALL see childhood ALL
ATG treatment, 185
follicular lymphoma, 583
iron deficiency anaemia, 33
iron homeostasis, 28
ITP, 780
JMML, 326, 472
juvenile pernicious anaemia, 62–63
MDS, 472–473
refractory cytopenia, 441, 472

chimeric antigen receptors (CARs), 296, 297, 518
chimerism, 186
chitotriosidase, 271
Gaucher disease, 274

Chlamydia spp., 105
Chlamydia pneumoniae, 102, 406
Chlamydia psittaci, MALT lymphoma, 581, 625
chlorambucil

CLL, 514
cold-type AIHA, 145
Hodgkin lymphoma, 608
Sézary syndrome, 535
visual toxicity, 417
Waldenström’s macroglobulinaemia, 627

chloramphenicol
G6PD deficiency, 135
and sideroblastic anaemia, 39

chlorate, oxidative haemolysis, 153
chloroquine, G6PD deficiency, 135
chlorproguanil, 861
chlorpropamide, immune haemolytic anaemia,

146
ChlVPP (chlorambucil, vinblastine, procarbazine,

prednisolone) regimen, 608
cholesterol, 115

embolism, 757
total plasma, 271

chondrocalcinosis, 42, 42
chondroitin protoglycan sulfate, 388
chondroitin sulfates, 264
CHOP (cyclophosphamide, doxorubicin, vincristine,

prednisolone) regimen, 341
DLBCL, 637
follicular lymphoma, 623
Hodgkin lymphoma, 602
ITP, 779
mantle cell lymphoma, 628
mycosis fungoides, 534
peripheral T-cell non-Hodgkin lymphoma, 530
see also individual drugs

chromatin, 322
chromosomes

abnormalities
MDS, 445, 446
multiple myeloma, 539
see also specific mutations

cytogenetic analysis, 342–343, 342, 343
Fanconi anaemia, 159
inversions, 318
megaloblastic anaemia, 59
translocations, 318, 318, 319

chromothripsis, 315, 318

chronic disease, anaemia of (ACD), 30, 31, 838–839, 839
conditions associated with, 839
laboratory features, 839
pathogenesis, 838–839
treatment, 839
tropical diseases, 868

chronic granulocytic leukaemia see chronic myeloid
leukaemia

chronic granulomatous disease, 8–9, 259, 260
chronic GVHD, 653–655, 654, 669–670, 669, 670
Chronic Leukaemia and Myeloma Task Force (CLMTF),

551
chronic liver disease

haemostatic abnormalities, 751–752
iron overload, 45

chronic lymphocytic leukaemia (CLL), 500–518
accelerated, 504
blood film, 334
clinical features, 502
complications, 510–512

autoimmunity, 510–511
disease transformation, 511
infections, 512
second neoplasias, 511–512

definition, 500–501, 501
diagnosis, 500, 504
differential diagnosis, 504–505, 505, 505
epidemiology, 501
genetic predisposition, 501
genetic/molecular features, 503–504, 503
immunophenotype and biomarkers, 501, 577
laboratory features, 502–503, 503
mutations, 320
pathogenesis, 501–502
pathology, 504
prognostic factors, 507–510, 507, 507–509, 508

age, 507
biologic prognostic markers, 509–510
blood lymphocyte doubling time, 508
clinical stages, 507–508, 508
comorbidity, 507
cytogenetics, 508
gender, 507
genetic motations, 508–509, 509

prognostic systems and scores, 510
red cell aplasia, 840
related conditions, 506, 506

monoclonal B-cell lymphocytosis (MBL), 506
Richter’s syndrome, 506, 506
small lymphocytic lymphoma (SLL), 506

staging, 508
treatment, 512–518

BCR-signal inhibitors and BCL2 antagonists,
516–517, 516, 517

CAR-T cells, 518
criteria for response, 518
criteria to start, 512
high-risk patients, 515–516
HSCT, 517–518
minimal residual disease, 513
older, unfit patients, 513, 514–515, 515
predictive factors, 512–513
pretreatment evaluation, 512
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relapsing disease, 516
younger, fit patients, 513–514, 513, 514

and warm-type AIHA, 142
chronic lymphocytic leukaemia/small lymphocytic

lymphoma (CLL/SLL), 575–577, 577
chronic lymphocytic/prolymphocytoid leukaemia

(CLL/PL), 505
chronic myelogenous leukaemia, blood film, 335
chronic myeloid leukaemia (CML), 419–437

atypical, 329, 436
blood film, 421
clinical features, 419–421, 420, 421

accelerated phase, 420, 420
blastic phase, 420–421, 420
chronic phase, 420

cytogenetics and molecular biology, 421–424,
421–424

epidemiology and aetiology, 419
kinase domain mutations, 436
neutrophilic, 497
Philadelphia chromosome, 255, 314, 342, 419, 422
prospects, 436–437
residual disease, 425–426, 425
treatment, 426–436

advanced phase disease, 433–434
bosutinib, 429–430
choice of, 430
dasatinib, 428–429
donor lymphocyte infusions, 369
duration of, 431, 433, 434
fertility preservation and pregnancy, 434–435
goals, 430–431, 432
HSCT, 435–436
imatinib, 426–427, 427, 428
nilotinib, 427–428, 429
ponatinib, 430
resistance, 431, 433, 435, 436

chronic myelomonocytic leukaemia (CMML), 326, 436,
439, 469–472

clinical and laboratory features, 469–470
management and treatment, 471–472
natural history, 470–471
prognosis, 470–471, 471

chronic neutrophilic leukaemia (CNL), 329, 436,
496–497, 496

clinical features and treatment, 497
diagnosis, 497
pathophysiology, 497
prognosis, 497

chronic non-spherocytic haemolytic anaemia, 133–134
chronic T-cell leukaemias, 524–526

large granular lymphocyte leukaemia, 525–526
T-cell prolymphocytic leukaemia, 524–525

chronic thromboembolic pulmonary hypertension, 834
CHS1/LYST mutation, 770
Churg-Strauss syndrome, 262, 262, 843
Chuvash polycythaemia, 481
chymase, 264
ciclosporin

autoimmune cytopenia, 511
eosinophilia, 263
GVHD prophylaxis, 661, 662
ITP, 778

LGL, 526
NOAC interaction, 825
TTP, 789
warm-type AIHA, 142, 144

cidofovir, 666
CIITA translocation, PMBL, 586, 642
cimetidine-warfarin interaction, 822
CINV see chemotherapy-induced nausea and vomiting
ciprofloxacin, 407
circulatory overload, transfusion-associated (TACO),

233, 234
cisplatin

DLBCL, 637
follicular lymphoma, 622
Hodgkin lymphoma, 611
immune haemolytic anaemia, 146, 147
mantle cell lymphoma, 629

citric acid cycle, 30
Citrobacter spp.
antibiotic susceptibility, 407
C. freundii, antibiotic resistance, 411

cladribine
AML, 370
clonal hypereosinophilia, 496
cold-type AIHA, 145
hairy cell leukaemia, 520
immune haemolytic anaemia, 147

clarithromycin-warfarin interaction, 822
CLEC-2, 709
clindamycin, 407

malaria, 861
CLL see chronic lymphocytic leukaemia
clofarabine, AML, 370
clofibrate-warfarin interaction, 822
clonal evolution (of cancer), 315, 328–329, 328, 420, 426
clonal haemopoiesis, 329
clonal hypereosinophilic syndromes, 494–496

clinical features, 495
investigations, 495–496, 496
pathophysiology, 494–495, 495
prognosis, 496
treatment, 496

clonal mutation, 315
clonal selection, 279
clonal structure, 329–330, 330
clonogenic assays, 1–2
clopidogrel, 699, 828

essential thrombocythaemia, 485
Clostridium difficile

leukaemia patients, 407, 410
post-HSCT, 667

Clostridium perfringens, 149–150
anaemia, 848

clotting disorders see coagulation disorders
clotting factors, 684–690, 686–687, 688

assays, 718
autosomal recessive deficiency, 734
concentrates, 718
domains, 688
factor II, 271

deficiency, 738
factor V, 271, 690
deficiency, 734, 735, 738–739, 760

inhibition, 693–695
in malignancy, 843

factor VII, 271, 684, 688–689
deficiency, 734, 735, 739–740
in malignancy, 843
recombinant, 769–770

factor VIII, 271, 686, 688, 689–690, 801
assays, 718
deficiency see haemophilia
inhibition, 693–695
in malignancy, 843
recombinant, 718–719

factor IX, 688, 689, 801
deficiency see haemophilia
replacement, 719

factor X, 686, 688, 689
deficiency, 734, 736, 740

factor XI, 271, 274, 686, 688, 689, 801
deficiency, 274, 734, 736, 740–741

factor XII, 271
factor XIII, 686, 688, 689

deficiency, 734, 736, 741, 881
fibrinogen see fibrinogen
prothrombin see prothrombin
tissue factor, 678, 678, 684, 686, 688
vitamin K-dependent, deficiency, 734, 736, 741
see also specific factors

CML see chronic myeloid leukaemia
CMML see chronic myelomonocytic leukaemia
CMV see cytomegalovirus
CNL see chronic neutrophilic leukaemia
CNS see central nervous system
co-amoxiclav, 407
co-occurrence of cancer mutations, 315, 321
co-stimulatory blockade, 296
coagulation cascade, 678, 700
coagulation disorders
acquired, 743–760

amyloidosis, 758
APL, 748–749
arteriovenous malformations, 756–757
bruising, 755–756
cardiopulmonary bypass surgery, 754
coagulation tests, 743–744, 744
disseminated intravascular coagulation, 744–748
factor V deficiency, 760
haemophilia, 725, 758–760, 758, 759, 759
liver disease, 750–752
massive blood loss, 755, 755
microthromboembolic disease, 757
neonatal, 881–882
paraproteinaemia, 757–758
pregnancy-related, 753–754
renal disease, 753
trauma, 754–755
vasculitis, 756
vitamin K, 749–750
von Willebrand disease, 731, 732, 760

haemophilia, 715–725
clinical features, 715–717, 716, 716
investigations, 717–718
laboratory diagnosis, 718
pathophysiology, 715
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coagulation disorders (Continued)
presentation, 717
treatment, 718–720, 719

neonatal
acquired, 881–882
inherited, 881

rare inherited, 733–742
classification, 733–734
clinical symptoms, 733
global haemostasis tests, 737
laboratory diagnosis, 734, 737
molecular diagnosis, 737
neonatal, 881
treatment, 735–736, 737–738
worldwide distribution, 734
see also specific disorders

von Willebrand disease, 711, 725–732, 725
acquired, 731, 732
classification, 729
clinical course and complications, 731
clinical features, 726
laboratory diagnosis, 727–730, 728
molecular genetics, 731
pseudo-von Willebrand disease, 731–732
treatment, 730

see also platelet function disorders
coagulation factors see clotting factors
coagulation tests, 743–744

activated clotting time, 744
APTT basic waveform, 744, 745
thrombin generation assays, 744
thromboelastometry, 743–744, 744

cobalamin, 59–65, 59
absorption, 59–60, 60
binding proteins see transcobalamins
deficiency see cobalamin deficiency
dietary sources/requirements, 59
inadequate intake, 61

enterohepatic circulation, 60
folate relationship, 54
malabsorption, 61–64, 62
atrophic gastritis, 63
gastrectomy, 63
intestinal causes, 63–64
intrinsic factor deficiency/abnormality, 63
pernicious anaemia, 61–63

metabolism
abnormalities, 64
intracellular, 55

transport, 60–61
see also megaloblastic anaemia

cobalamin analogues, 61
cobalamin deficiency, 53

causes, 61–64, 61
gastric, 61–63
inadequate dietary intake, 61
intestinal, 63–64
tests for, 65

diagnosis, 64–65
serum cobalamin, 65
serum holotranscobalamin, 65
serum methylmalonate and homocystein,

65

neurological manifestations, 57
treatment, 69–70
see also megaloblastic anaemia

cobamides, 61
cobblestone-area-forming cells (CAFCs), 2
Coccidioides immitis, leukaemia patients, 404
codanin, 168
CODOX-M/IVAC (cyclophosphamide, doxorubicin,

methotrexate/iforfamide, etoposide, cytarabine)
regimen

Burkitt lymphoma, 643
DLBCL, 637

cold agglutinin syndrome, 140, 145
cold antibodies, 197–198
cold antibody AIHA, 839–840
cold haemagglutin disease (CHAD), 140, 144–145, 144,

145
anti-I antibodies, 207

cold-type AIHA, 138, 139–140, 139, 144–146, 144, 145
clinical features, 144–145, 145
infection-related, 145
management, 145

definitive treatment, 145
supportive therapy, 145

paroxysmal cold haemoglobinuria, 140, 144, 145–146
see also cold haemagglutinin disease

collagen, 247
platelet aggregation, 768

collagen receptor defect, 768
genes involved in, 770

collagenase, 254
collectins, 248
colony-forming units (CFUs), 1, 12, 18
colorectal cancer, mutations, 320
Colton blood group system, 196, 211, 212

haemolytic transfusion reactions, 229
combined factor V/factor VIII deficiency, 734, 739
combined oral contraceptive pill see oral contraception
COMFORT trials, 489
common myeloid progenitors (CMPs), 442
comparative genomic hybridization (CGH), 348, 444
complement cascade, 285
complement factor B (CFB), 792
complement factor H (CFH), 792

antibodies, 792
complement factor I (CFI), 792
complement fixation, 280, 281
complement system, 283–286, 792

activation, 139, 140
alternative pathway, 284–285, 285
blockade, 191–192

breakthrough from, 193
classical pathway, 284, 285
lytic phase, 285, 286
opsonization, 280, 284–285, 285

complement-mediated intravascular haemolysis, 141,
146

complement-mediated red cell destruction, 141
complementarity-determining regions see CDR
complete haematological response (CHR), 425
computed tomography (CT)

DLBCL, 641
multiple myeloma, 546

conditioning regimens for HSCT, 185–186, 658–662
allogeneic HSCT, 659–660
autologous HSCT, 659
cord blood transplants, 661
GVHD prophylaxis, 661, 662
myeloablative, 659–661
reduced-intensity, 661–662
sibling allografts, 660
unrelated donor transplants, 660–661

congenital amegakaryocytic thrombocytopenia
(CAMT), 171

characteristics, 157
genetic subtypes, 172

congenital cyanosis, 95
congenital cyanotic heart disease, 480
congenital dyserythropoietic anaemia (CDA), 168–170,

169, 169, 170
characteristics, 157
neonatal, 871, 873
treatment, 170
type I, 168, 169, 169
type II, 169, 169, 170
type III, 169–170, 169

congenital erythrocytosis, 479
congenital erythropoietic porphyria, 34, 35–36
congenital folate metabolism disorders, 69
congenital leukaemia, 879
congenital methaemoglobinaemia, 97
congenital methylmalonic acidaemia/aciduria, 64
congenital neutropenia, 170–171, 171
congenital platelet function disorders, 761–772, 762

classification, 762
genes involved in, 770
screening, 771
thrombocytopathies, 766–769
thrombocytopenias see thrombocytopenias
treatment, 769–771

drug therapy, 769–771
platelet transfusions, 771

vs. coagulation disorders, 762
congenital polycythaemia, 95
congenital transcobalamin deficiency/abnormality, 64
congenital TTP, 785
congestive heart failure

haematological complications, 847
iron deficiency, 34

connective tissue disorders, 843–844, 843
anaemia, 843
haemostasis, 844
platelets, 843
white cells, 843

constraint hypothesis, 315, 329
contact system, 678
convergent evolution (of cancer), 315, 328
Coombs test see direct antiglobulin test
COPP (cyclophosphamide, vincristine, procarbazine,

prednisone) regimen, 608
copper

deficiency, 71
excess (Wilson disease), 71

coproporphyrinogen oxidase, 29
deficiency, 34

copy neutral LOH, 318
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cord blood transplantation, 8, 187, 653, 655, 658, 672
conditioning regimens, 661
see also HSCT

core binding factor (CBF), 353, 362
corrinoids, 61
corticosteroids

ALL, 377, 379
childhood, 395

autoimmune cytopenia, 511
childhood ALL, 393
Diamond-Blackfan anaemia, 168
ITP, 777, 781
warm-type AIHA, 143

Corynebacterium spp., leukaemia patients, 405
cotrimoxazole

G6PD deficiency, 135
prophylaxis, 665
warfarin interaction, 822

Council of Europe (CoE), 214
CpG islands, 323, 450, 466
CR1, 249
CR3, 247, 249, 261, 706
craniofacial dysmorphism, 872
CREBB mutation, 585

DLBCL, 635
follicular lymphoma, 616

Creutzfeldt-Jakob disease, variant
clotting factor concentrates, 718
transfusion transmission, 220

CRISPR/Cas9, 9
CRKL, 424
CRLF2, childhood ALL, 390
Cromer blood group system, 196, 212
cross-matching, 225

electronic, 225–226
cross-presentation, 281
cryoprecipitate, 224, 238
Cryptococcus spp.
antibiotic susceptibility, 409
leukaemia patients, 404, 410

CSF1R receptor, 453
CSF3R, 436

nonsense mutations, 453
CT see computed tomography
CTD (cyclophosphamide, thalidomide, dexamethasone)

regimen, 553
CTLA-4, 296
cubilin, 60
cuff test, 696
Cumulative Illness Rate Score (CIRS), 507, 514
cutaneous T-cell non-Hodgkin lymphoma, 531–535

classification, 531
mycosis fungoides, 531–534, 532, 533, 533, 534
primary cutaneous CD30+ lymphoproliferative

disorders, 535
Sézary syndrome, 534–535

cutaneous vasculitis, 454
CVAD (cyclophosphamide, vincristine, doxorubicin,

dexamethasone) regimen, 553
CVP (cyclophosphamide, vincristine, prednisolone)

regimen, 602, 619
CXCL, angioimmunoblastic T-cell lymphoma, 528
CXCL13, T-cell neoplasms, 589

CXCR chemokine receptors, 297, 298
CXCR4, 656

antagonists, 656
receptor, 541

CXCR4 mutation, lymphoplasmacytic lymphoma,
504

CXXC5, 365
cyanosis, congenital, 95
cyanotic heart disease, erythrocytosis, 480
CYBRD1, 23
cyclical neutropenia, 170–171, 258
cyclin D

B-cell neoplasms, 577
multiple myeloma, 540

cyclophosphamide
ALL, 377, 379

childhood, 393, 394
amyloidosis, 570
aplastic anaemia, 185
autoimmune cytopenia, 511
CLL, 513, 514
DLBCL, 637
Fanconi anaemia, 161
follicular lymphoma, 619
Hodgkin lymphoma, 608
ITP, 778, 779
LGL, 526
mantle cell lymphoma, 522, 628, 629
multiple myeloma, 548, 556, 557
mycosis fungoides, 534
myeloablative conditioning regimens, 659–660
and myelodysplastic syndromes, 439
peripheral T-cell non-Hodgkin lymphoma, 530
TTP, 789
Waldenström’s macroglobulinaemia, 627
warm-type AIHA, 144

cycloserine, and sideroblastic anaemia, 39
cyclosporine

AML, 365
clonal hypereosinophilia, 496

CyD1, non-Hodgkin lymphoma, 615
CYP2C9, 821
CYP3A4, 825
cystatin C, amyloidosis, 563
cysteine knot, 298
CytaBOM regimen, 642
cytarabine

ALL, 377, 379
childhood, 393, 394

AML, 357, 358, 359, 360, 368
DLBCL, 637
eosinophilia, 263
follicular lymphoma, 622
Hodgkin lymphoma, 611
mantle cell lymphoma, 522, 629
megaloblastic anaemia, 53, 70–71
visual toxicity, 417

cytidine deaminase, 319, 320
cytoadhesins, 247
cytochemistry, 333, 338, 338
cytochrome a, 21
cytochrome b, 21
cytochrome b558, 250, 261

cytochrome c, 21
cytochrome oxidase, 21
cytogenetic analysis, 342–343, 342, 343
cytogenetics, 333
ALL, 373, 374
childhood, 388–390

AML, 353–354, 356, 362–363, 362, 363, 365
CLL, 508
CML, 421–424, 421–424
CMML, 470
MDS, 443–446, 443, 457, 461, 461
chromosome 7 abnormalities, 446
deletion chromosome 5q, 444–446, 445
SNP-A karyotyping, 444

cytokines, 294, 296–297, 298, 746
cytomegalovirus, 301
leukaemia patients, 410
microbial testing, 217
post-HSCT, 666
pure red cell aplasia, 511
reactivation, 512, 515
transfusion transmission, 218–219, 226

cytopenia, refractory
of childhood, 441, 472
with multilineage dysplasia (RCMD), 440
mutations, 450
relative frequency, 440
with unilineage dysplasia (RCUD), 440, 441

cytoplasmic myeloperoxidase, 355
cytoreductive therapy
myelofibrosis, 489
polycythaemia vera, 478

cytosine arabinoside see cytarabine
cytosine-guanine dinucleotides, 323
cytotoxic granules, T-cell neoplasms, 589

D-dimer, 271, 835
DIC, 788

dabigatran, 823, 824, 825
stopping before surgery, 825

dacarbazine, Hodgkin lymphoma, 608, 609
dactylitis, 102
damage-associated molecular patterns see DAMPs
DAMPs, 653
danaparoid, 821
danazol
dyskeratosis congenita, 165
Fanconi anaemia, 161
ITP, 778
warm-type AIHA, 142, 144

dapsone, 377
G6PD deficiency, 135
ITP, 778
malaria, 861
oxidative haemolysis, 153, 153, 153

daratumumab, 559
darbepoetin α, 401
MDS, 463
multiple myeloma, 548

Darier’s sign, 491
dasatinib
childhood ALL, 389
clinical trials, 433
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dasatinib (Continued)
CML, 428–429
atypical, 436

dose, 430
peripheral T-cell non-Hodgkin lymphoma, 530
resistant mutations, 436
toxicity, 429

DASISION study, 428
DASL assay, 635
daunorubicin

ALL, 377
AML, 357, 360
MDS, 464

DBA44, hairy cell leukaemia, 520
deacetylase inhibitors, 560
deafness, dyskeratosis congenita, 163
Deauville score, 611
decay accelerating factor see CD55
decitabine

AML, 368
MDS, 466

deep vein thrombosis see venous thrombosis
defensins, 250, 251
deferasirox, 44, 46, 50–51, 84

aplastic anaemia, 181
characteristics, 46
clinical studies, 50–51
desferrioxamine combination therapy, 51
pharmacokinetics, 46, 50
side-effects, 50

deferiprone, 46, 49–50, 49, 84
aplastic anaemia, 181
characteristics, 46
clinical studies, 49–50
desferrioxamine combination therapy, 50
Diamond-Blackfan anaemia, 168
pharmacokinetics, 46, 49, 49
side-effects, 50

DEK-NUP214, 365, 366
delayed haemolytic transfusion reactions, 231–232
deletions, 315, 318, 319

haemophilia, 724
δβ-thalassaemia, 87–88, 88, 89
dematin, 116
dendritic cells, 279, 283

follicular, 294
interdigitating, 283, 293, 294

Dengue fever, 150, 867
transfusion transmission, 216, 219

denosumab, 547
dental problems

dyskeratosis congenita, 163
leukaemia patients, 416–417

deoxynucleotidyltransferase, 287
deoxythymidine monophosphate (dTMP), 53
deoxythymidine triphosphate (dTTP), 53
deoxyuridine monophosphate (dUMP), 53, 55
desferrioxamine (DFO), 44, 46, 48–49, 84

characteristics, 46
clinical studies, 48–49
combination therapy
deferasirox, 51
deferiprone, 50

MDS, 463
pharmacokinetics, 46, 48
side-effects, 49

desmopressin (DDAVP), 237
combined factor V/factor VIII deficiency, 739
haemophilia, 720
platelet function disorders, 769
von Willebrand disease, 730

developmental delay
dyskeratosis congenita, 163
sickle cell disease, 102

dexamethasone
ALL, 377

childhood, 394
amyloidosis, 570
autoimmune cytopenia, 511
CINV, 414
DLBCL, 637
Hodgkin lymphoma, 611
ITP, 778
mantle cell lymphoma, 629
multiple myeloma, 548, 552–553, 553, 555, 556, 557
toxicity, 397
Waldenström’s macroglobulinaemia, 627

DHAP (dexamethasone, cytarabine, cisplatin) regimen
DLBCL, 637
Hodgkin lymphoma, 611

diabetes mellitus, 818
iron overload, 48

diacylglycerol, 767
dialysis, folate deficiency, 68, 70
Diamond-Blackfan anaemia, 48, 50, 136, 157, 167–168,

168
cell and molecular biology, 167–168, 168
characteristics, 157
clinical features, 167
genetic subtypes, 168
neonatal, 871–872, 873
treatment, 168

Diamond-Gardner syndrome, 756
DIC see disseminated intravascular coagulation
diclofenac, immune haemolytic anaemia, 146
DIDMOAD, 38
Diego blood group system, 196, 211
dietary factors

folate deficiency, 67
iron deficiency anaemia, 33, 33

dietary sources
cobalamin, 59
folate, 65–66
iron, 27–28

diethylcarbamazine, 863
differentiation syndrome (DS), 416
diffuse large B-cell lymphoma (DLBCL), 511, 577,

634–641
aetiology, 634
cytogenetics, 632
HIV-positive patients, 645–646
immunohistochemistry, 341
immunophenotype, 577
molecular basis, 634–636, 644

cells of origin, 634, 635
genetic abnormalities, 635–636

immunohistochemistry, 634–635
microenvironment, 636–637

not otherwise specified, 584, 585, 585, 586
pathogenesis, 634
with predominant extranodal location, 586–587,

587
primary cutaneous, leg type, 586–587
prognostic factors, 636–637, 636
treatment, 637–641, 637

advanced-stage disease, 637–638, 637, 638
allogeneic HSCT, 540–541
autologous HSCT, 639, 640
CNS prophylaxis, 639
early-stage disease, 637
emerging therapies, 641
HSCT, 672
older patients, 639
relapsed/refractory disease, 639–640
response assessment, 641

dihydrofolate reductase inhibitors, 68–69
dilute Russell’s viper venom time (DRVVT), 814, 815
dinileukin diftitox

mycosis fungoides, 534
peripheral T-cell non-Hodgkin lymphoma, 530

2,3-diphosphoglycerate (2,3-DPG) mutase, 480
Diphyllobothrium latum, 868

cobalamin malabsorption, 63
dipyridamole, 828

essential thrombocythaemia, 485
direct agglutination test, 199
direct antiglobulin test (DAT), 138

antigen-antibody reactions, 199–200, 199
CLL, 503
immune haemolytic anaemia, 147
warm-type AIHA, 141

disseminated intravascular coagulation (DIC), 744–748
clinical features, 747
conditions associated with, 745
diagnosis, 747–748, 747, 748
differential diagnosis, 788
neonates, 882
non-haematological malignancy, 842
pathophysiology, 745–747, 746

dissemination of thrombin generation, 746
endothelial cell activation/dysfunction, 746–747
inflammation and coagulation, 746
neutrophil extracellular traps and histones, 747
thrombin generation in vivo, 745–746

treatment, 748
DKK1, 543
DLBCL see diffuse large B-cell lymphoma
DMT1, 23, 25, 28
DNA analysis, amyloidosis, 567
DNA methylation, 450, 451
DNA methyltransferases, 323
DNMT3A mutation, 323, 329, 365, 365, 450, 451
DNMT3B, 323
Döhle bodies, 253, 255, 765, 868
Dolichos biflorus, 198, 202
Dombrock blood group system, 196, 211
haemolytic transfusion reactions, 229

dominant negative mutation, 315
Donath-Landsteiner antibody, 139, 140, 145, 207, 301
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donor lymphocyte infusions (DLI), 655
AML, 369

donor-derived graft-versus-host (GVH) response, 651
double-hit/triple-hit lymphomas, 645
Down syndrome, 157
leukaemia

ALL, 384, 397
in neonates, 879–880, 880

neutrophilia, 255
transient abnormal myelopoiesis, 319, 498, 879

doxorubicin
ALL, 377

childhood, 394
DLBCL, 637
Hodgkin lymphoma, 608
mantle cell lymphoma, 629
multiple myeloma, 548, 552–553, 553
mycosis fungoides, 534
peripheral T-cell non-Hodgkin lymphoma, 530
Sézary syndrome, 535

doxycycline, 861
driver genes/mutations, 315, 321, 442
drug interactions

NOACs, 825
warfarin, 822

drug-induced disorders
alloimmune haemolytic anaemia, 146–147, 147
haemolysis, 134, 135, 146
neutropenia, 257
thrombocytopenia, 762–763
warm-type AIHA, 142–143

DTNBP1 mutation, 769, 770
Dubowitz syndrome, 157
Duffy blood group system, 196, 211, 226
haemolytic transfusion reactions, 229
malaria resistance, 212–213, 859

Duncan syndrome see X-linked lymphoproliferative
syndrome

duodenal cytochrome b1, 23, 28
DVIP (dexamethasone, etoposide, ifosfamide, cisplatin)

regimen, 637
DVT see venous thrombosis
dysfibrinogenaemia, 734, 738, 801
dyskeratosis congenita, 157, 162–165, 162, 163, 164,

175, 472
autosomal dominant, 163–164
autosomal recessive, 165
cell biology, 162–165

genetic subtypes, 163
somatic abnormalities, 163
telomeric links, 163–164, 164

characteristics, 157
clinical features, 162, 162, 163
treatment, 165
X-linked, 163

dysprothrombinaemia, 734, 738

E-selectin, 247, 248, 682
e-thrombosis, 810
E2A-PBX1 see TCF3-PBX1
early T-precursor ALL, 372
Eastern Cooperative Oncology Group (ECOG), 609, 619
Ebola virus, 868

EBV see Epstein-Barr virus
echinocandins, 409
economy class syndrome, 810
ecthyma gangrenosum, 409
ecto-ADPase see CD39
eculizumab, 191–192, 285

administration and dosing, 192, 193
atypical HUS, 793–794
efficacy, 191–192

intravascular haemolysis, 191
renal disease, 191
thrombosis, 191

extravascular haemolysis with, 192
infection risk, 192
paroxysmal nocturnal haemoglobinuria, 191–192

edoxaban, 823, 824, 826
stopping before surgery, 825

EED, 451
effector cells, 295, 295
eflornithine, 865
Ehlers-Danlos syndrome, 756
elastase, 251, 749
elderly see older patients
electron microscopy, amyloidosis, 565
electronic cross-matching, 225–226
eliglustat, 275
ELISA

antigen-antibody reactions, 200, 200
filariasis, 863
folate, 69
microbial testing, 216
von Willebrand factor, 727

elliptocytosis, hereditary, 116, 120–122, 122, 875
clinical features, 121
haemolytic, 122, 122
laboratory investigation, 122, 122
mild common, 121, 122
silent carriers, 121–122
treatment, 122

ELOQUENT trial, 560
eltrombopag

aplastic anaemia, 185
autoimmune cytopenia, 511
ITP, 778, 780
platelet function disorders, 402, 770–771

elution tests for antigen-antibody reactions, 200
EMA, T-cell/histiocyte-rich large B-cell lymphoma, 586
Embden-Meyerhof pathway, 125–131, 125, 129–130

disorders of
fructose diphosphate aldolase A deficiency, 128
glucose phosphate isomerase deficiency, 128
hexokinase deficiency, 128
phosphofructokinase deficiency, 128
phosphoglycerate kinase deficiency, 131
pyruvate kinase deficiency, 125–128, 127
triose phosphate isomerase deficiency, 131

Rapoport-Leubering shunt, 125
embryo

erythroid cells, 11–12
haemopoietic development, 3–6, 4, 5
haemopoietic-supportive microenvironments, 7–8
see also fetus

emperipolesis, 337

encephalocele, 56
encephalophathy, methotrexate-induced, 380–381
ENDEAVOR trial, 559
endocrine disorders, 845–846, 845
and erythrocytosis, 481

endocytosis, receptor-mediated, 29
endogenous erythroid colonies (EECs), 475
endoglin, 3, 4
endomitosis, 701
endonucleases, 9
endoplasmic reticulum, 284
endothelial cells
activation, 700
activation/dysfunction, 746–747
anticoagulant activities, 684
fibrinolytic factors, 684

endothelial protein C receptor (EPCR), 681, 686, 688,
694–695, 799

endothelin-1, 682
endothelium, 682
endothelium-derived relaxing factor see nitric oxide
endotoxin, 682
ENESTnd study, 429, 433
ENG mutations, 756
engraftment, 2
Enterobacter spp.
antibiotic resistance, 411
antibiotic susceptibility, 407

Enterobacter cloacae, leukaemia patients, 404, 405
Enterococcus spp.
antibiotic resistance, 411
antibiotic susceptibility, 407
leukaemia patients, 404

Enterococcus faecalis, leukaemia patients, 405
enterohepatic circulation
cobalamine, 60
folate, 66
transport, 66

enteropathy-associated T-cell lymphoma, 529, 591,
591

immunophenotype, 589
environmental factors in childhood ALL, 385
enzyme replacement therapy, 271–272
Fabry disease, 276
Gaucher disease, 272, 274–275, 274

enzyme-linked immunosorbent assay see ELISA
enzymes
iron-containing, 21–22, 22
see also specific enzymes

eosinophils, 260–263
development and function, 260–262
granules, 261
morphology, 252

eosinophil cationic proteins (ECP), 261, 261
eosinophil chemotactic factor, 263
eosinophil peroxidase, 261, 261
eosinophil-derived neurotoxin (EDN), 261, 261
eosinophilia, 262–263
bacterial, fungal and protozoal infections, 848

filariasis, 862
hookworm, 867

causes, 262
clonal, 494–496
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eosinophilia (Continued)
CML, 420
idiopathic, 494
infectious mononucleosis, 300
non-haematological malignancy, 841
reactive, 494, 495

eosinophilia-myalgia syndrome, 262
eosinophilic fasciitis, 262
eosinophilic lymphofolliculosis, 262, 262
eotaxin, 262, 298
EP300 mutation, DLBCL, 635
EPCR see endothelial protein C receptor
epigenetics, 315

leukaemia, 322–327, 323–326
MDS, 450–452
multiple myeloma, 539

epinephrine, platelet aggregation, 768
epinephrine receptor defect, 768, 768

genes involved in, 770
epiphora, dyskeratosis congenita, 163
epirubicin, follicular lymphoma, 622
epitope spreading, 653
EPOCH/DA-EPOCH (etoposide, prednisolone,

vincristine, cyclophosphamide, doxorubicin)
regimen, 637

epoetin α, 401
myelofibrosis, 489

EpoR, 13
εγδβ-thalassaemia, 89
Epstein syndrome, 765

genes involved in, 770
Epstein-Barr virus, 140

B-cell neoplasms, 577
Hodgkin lymphoma, 602–603
and malignant disease, 321
pure red cell aplasia, 511
T-cell lymphoproliferative disorders of childhood,

590, 590
T-cell neoplasms, 589
see also infectious mononucleosis

eptifabatide, 828–829
Erdheim-Chester disease, 268–269
ERG, 365
ertapenem, 407
erythroblastic islands, 14
erythroblastopenia, 510–511
erythroblasts, 14, 22

iron content, hypochromic anaemia, 30
erythrocyte sedimentation rate (ESR), ACD, 839
erythrocytes see red cells
erythrocytosis, 479–481

absence of systemic hypoxia, 481
causes, 479
idiopathic, 481
inherited/congenital, 479
secondary, 479–481
abnormal erythropoietin secretion, 481
chronic lung disease/hypopnoea, 479
congenital cyanotic heart disease, 480
endocrine disorders, 481
heavy smoking, 481
high altitude, 480
high-affinity haemoglobins, 480, 480

methaemoglobinaemia, 480–481
red cell metabolic defects, 480

thrombotic risk, 817–818
see also polycythaemias

erythroferrone, 24, 84
erythroid cells

differentiation from HSCs, 13
iron uptake, 28–29, 29
origins, 11–12
terminal maturation, 13, 14

expression of erythroid proteins, 14–15, 15
expression of transcription factors, 13–14

erythroid Krüppel-like factor (EKLF) see KLF1
erythroid lineage, 12, 12, 13
erythroid niche, 3, 3, 7, 17–18, 18
erythroid proteins, expression during terminal

maturation, 14–15, 15
erythroid-stimulating agents (ESA), 401
erythromyalgia, 818
erythromycin, 407, 778
warfarin interaction, 822

erythropoiesis, 11–20
assessment, 19–20
cell signalling, 15–17, 16–18
fetal, 870
inhibition, 838–839
iron-deficient, 32
polycythaemia vera, 475
regulation, 19
transcription factors, 12–13, 12

erythropoietic protoporphyria, 34, 36
erythropoietin, 16, 19, 237, 401

abnormal secretion, 481
anaemia of malignancy, 841
anaemia of prematurity, 877–878
MDS, 462–463
multiple myeloma, 548
myelofibrosis, 489
red cell production, 16–17, 17

Escherichia coli, 102, 257
anaemia, 848
antibiotic resistance, 411
antibiotic susceptibility, 407
leukaemia patients, 404, 405
post-splenectomy sepsis, 309
STEC-HUS, 790

ESHAP (etoposide, cytarabine, methylprednisolone,
cisplatin) regimen

DLBCL, 637
Hodgkin lymphoma, 611, 622

essential thrombocythaemia see thrombocythaemia,
essential

etoposide
AML, 359, 360
childhood ALL, 393
DLBCL, 637
follicular lymphoma, 622
Hodgkin lymphoma, 608, 611
and myelodysplastic syndromes, 439

ETV6 mutation, MDS, 461
ETV6-RUNX1 gene fusion, 348

ALL, 373, 374
childhood, 385, 389, 391

European Bone Marrow Transplantation Group
(EBMT), 517

European Group for Blood and Marrow Transplantation
(EBMT), 551

European Group for the Immunological
Characterization of Acute Leukaemia (EGIL), 372

European Leukemia Net (ELN), 419, 431, 432, 462
European Network on Rare Bleeding Disorders

(EN-RBD), 734
European Organisation for Research and Treatment of

Cancer (EORTC), 402
European Research Initiative on CLL (ERIC), 509, 513,

517
European Union (EU), Blood Directives, 214, 220,

224–225
EUTOS score, 426–427
Evans syndrome, 142, 510

differential diagnosis, 788
everolimus, 560

mantle cell lymphoma, 629
Waldenström’s macroglobulinaemia, 627

EVI1, 365, 452
ex vivo purging, 361
Exjade see deferasirox
exoglycosidase, 264
exome, 315

sequencing, 315
extracorporeal photopheresis (ECP), 535
extramedullary haemopoiesis, 306

myelofibrosis, 486
extramedullary plasmacytoma, 545
extranodal marginal zone lymphoma of MALT,

580–581, 580
extranodal NK/T-cell lymphoma, nasal type, 590–591,

591, 649
EZH1 mutation, 450
EZH2 mutation

DLBCL, 585
follicular lymphoma, 616
MDS, 450, 451, 452, 461

F2G20210A mutation, 795, 800–801
detection, 807

F5G1691A mutation, 795
F7 mutation, 734
F10 mutation, 734
F11 mutation, 734
F13A1 mutation, 734
F13B mutation, 734
FAB classification, 333

AML, 353, 355
childhood ALL, 388
MDS, 439, 439

Fab fragments, 280
Fabry disease, 272, 275–276, 276
factor II, 271

deficiency, 738
factor V, 271, 686, 688, 690, 700
deficiency, 734, 738–739

acquired, 760
treatment, 735

inhibition, 693–695
in malignancy, 843
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factor V Leiden, 795
factor V/factor VIII combined deficiency, 734, 739

treatment, 735
factor VII, 271, 684, 686, 688–689, 688
deficiency, 734, 739–740

treatment, 735
in malignancy, 843
recombinant, 721

platelet function disorders, 769–770
factor VIII, 271, 686, 688, 689–690, 801

assays, 718
deficiency see haemophilia
inhibition, 693–695
inhibitors, 721–722

immune tolerance, 722
treatment of bleeding, 721–722

in malignancy, 843
porcine, 721–722
recombinant, 718–719

factor VIII inhibitor bypassing activity (FEIBA), 721
factor VIII-von Willebrand factor complex, 726, 727,

727
TTP, 789

factor IX, 688, 689, 801
deficiency see haemophilia
inhibitors, 721

factor X, 686, 688, 689
deficiency, 734, 740
treatment, 736

factor XI, 271, 686, 688, 689, 801
deficiency, 274, 734, 740–741

treatment, 736
factor XII, 271
factor XIII, 686, 688, 689
deficiency, 734, 741

neonates, 881
treatment, 736

factor D, 285
FAD, 261
familial amyloidotic polyneuropathy (FAP), 573
familial aplastic anaemia, 157
familial cold urticaria and leucocytosis, 255
familial Mediterranean fever, 259, 572
Fanconi anaemia, 48, 156–162, 175, 472, 763

animal models, 160–161
cell and molecular biology, 159–161, 159, 160, 161

complementation groups and genetic subtypes,
159, 160

FA-BRCA pathway, 161
characteristics, 157
clinical features, 156–159, 157, 158
somatic abnormalities, 157
treatment, 161–162

Fanconi facies, 158
Fas-ligand, 18, 290–291, 443
fat embolism syndrome, 757
favism, 133, 134
FBXW7, 322, 322

ALL, 374
Fc receptors, 140
FcαR, 249
FcγRI, 249
FcγRII, 249

FcγRIIA receptor, 709
FcγRIII, 249
febrile neutropenia in leukaemia patients, 403, 406

empirical antibiotic therapy, 403–407, 406
investigation, 405–409

febrile non-haemolytic transfusion reactions (FNHTR),
228, 232

feline leukemia virus receptor (FLVCR), 23, 29
Felty syndrome, 259
females

haemophilia, 724–725, 724
iron homeostasis, 28
menometrorrhagia, 738
menorrhagia, 726, 740

FERM protein, 710
ferritin, 21, 22, 30

Gaucher disease, 271, 274
regulation, 27
serum, 31, 46–47

ACD, 839
HFE haemochromatosis, 42
hypochromic anaemia, 30

ferritin heavy chain (FTH1), 24
ferritin light chain (FTL), 24
ferrochelatase, 29

deficiency, 34
ferroportin, 23, 25, 25, 27, 30, 41
ferrous gluconate, 34
ferrous sulphate, 34
fertile ground hypothesis, 319
fertility preservation, 400

CML, 434–435
fetal haemoglobin, hereditary persistence, 87–88, 88, 89
Fetchner syndrome, 765

genes involved in, 770
fetomaternal haemorrhage, 243–244, 877, 878
fetus

erythropoiesis, 870
haemoglobin, 72, 82, 94, 107, 870, 871
haemolytic disease (HDFN), 239–244, 240–243, 243
hydrops fetalis, 91, 91, 92, 127
intrauterine growth retardation, 163
intrauterine transfusion, 222, 223
iron reserves, 27, 33
red cells, 870

isoimmunization, 239–244, 240–243, 243
Rh genotype prediction, 210
twin-to-twin transfusion, 877

fever in leukaemia patients, 411, 412–413
FGB mutation, 734
FGF see fibroblast growth factor
FGFR inhibitors, 325
FGFR1, 325
FGFR3, 327

multiple myeloma, 538–539
FGG mutation, 734
fibrin

generation of, 679
plasmin action on, 696

fibrin degradation products (FDPs), 696
fibrinogen, 686, 688, 690, 700
deficiency, 734, 738

treatment, 735

integrin affinity, 704
massive blood loss, 755
plasmin action on, 696

fibrinogen α chain amyloidosis, 563
fibrinogen replacement, 238
fibrinolysis, 681–682, 681, 695–698, 700, 802
inhibitors, 697–698

plasmin inhibitors, 697–698
plasminogen activation inhibitors, 697
see also specific inhibitors

non-haematological malignancy, 842
plasmin, 271, 695, 696
plasminogen, 681, 687, 688, 695
plasminogen activators, 681, 696–697

fibroblast growth factor (FGF), 7
fibronectin, 99, 101, 247, 248, 683, 700
integrin affinity, 704

Fibroscan, 43
filariasis, 861–863
clinical presentation, 861
diagnosis, 862–863
epidemiology and biology, 861
global distribution, 862
haematological abnormalities, 862
parasites, 861, 862, 863
treatment, 863

filopodia, 704
financial support for leukaemia patients, 400
FIP1L1–PDGFRA gene fusion, 263, 344
clonal hypereosinophilia, 496

FISH, 333, 343–344, 344–347, 345
B-cell disorders, 500
CLL, 503–504, 503, 505
multiple myeloma, 550

FIX gene, 722–723
FLAER, 341
FLAG-Ida (fludarabine, cytarabine, G-CSF, idarubicin)

regimen, 358
FLI1 mutation, 770
FLIP-L, 541
FLIP1 score, 617–618, 617
FLIP12 score, 617, 618
Flk-1, 4, 9
flow cytometry, 2
ALL, 373, 374
antigen-antibody reactions, 200
immunophenotyping, 339–341, 340
multiparameter, 366

FLT3 mutations, 8, 318, 327
AML, 370

FLT3 receptor, 453
FLT3-ITD mutation, 362, 363–364, 364, 365
flucloxacillin, 407
fluconazole, 181, 409
warfarin interaction, 822

flucytosine, 409
fludarabine
AML, 358
CLL, 513, 514
Fanconi anaemia, 161
follicular lymphoma, 621–622
immune haemolytic anaemia, 147
mantle cell lymphoma, 628
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fludarabine (Continued)
multiple myeloma, 554
myeloablative conditioning regimens, 660, 661, 662
Sézary syndrome, 535
T-PLL, 525
toxicity, 514
warm-type AIHA, 142–143

fluid balance in leukaemia patients, 414–415
fluorescent in-situ hybridization see FISH
FMC7

CLL, 504
non-Hodgkin lymphoma, 615
polyclonal B-cell lymphocytosis, 505

FMLP, 249
FOCUS trial, 559
focused abdominal sonography for trauma (FAST), 309
FOG cofactors, 12, 13–14, 75
folate, 65–69

absorption, 66
biochemical functions, 66–67
body stores, 66
cobalamin relationship, 53–54, 54
deficiency see folate deficiency
dietary, 65–66
enterohepatic circulation, 66
metabolism disorders, 69
prophylactic, 70
red cell, 69
requirements, 66
role of, 54
serum, 69
sideroblastic anaemia, 39
structure, 66
see also megaloblastic anaemia

folate antagonists, 68–69
folate co-enzymes, 55
folate deficiency, 53

causes, 67–69, 67
antifolate drugs, 68–69
congestive heart failure, 68
haematological disorders, 68
homocystinuria, 68
inflammatory conditions, 68
liver disease, 68
long-term dialysis, 68
malabsorption, 67
nutritional, 67
pregnancy, 68
prematurity, 68

diagnosis, 69
treatment, 70

folate supplements
congenital dyserythropoietic anaemia, 170
paroxysmal nocturnal haemoglobinuria, 190

folic acid see folate
folinic acid, 70
follicular dendritic cells, 294
follicular lymphoma, 345, 521, 521, 577, 581–583, 582,

583, 615–624
clinical features, 616
epidemiology, 615
FLIP scores, 617
immunophenotype, 501, 577

in situ, 583
investigations, 617
paediatric, 583
pathology, 615
pathophysiology, 616
primary intestinal, 583, 583
prognosis, 617–618, 617
staging, 617
treatment, 618–624

advanced-stage asymptomatic disease, 618–619
advanced-stage symptomatic disease, 619–623
algorithm, 624
allogeneic HSCT, 622–623
autologous HSCT, 622
early-stage disease, 618
immunochemotherapy, 621–622
induction therapy, 619–620, 620
maintenance/consolidation, 620–621
novel therapies, 623
relapse, 621–623
transformed follicular lymphoma, 623–624

folliculotropic mycosis fungoides, 532
fondaparinux, 820, 821
food cobalamin malabsorption, 63
formate activation, 55
forminoglutamic acid-glutamic acid interconversion,

55
Forssman blood group system, 196, 301
foscarnet, 666
FOXP1 mutation, 581
FoxP3 transcription factor, 296
frameshift mutations, 318
frataxin, 23, 30
free light chains, 280
Freelite assay, 567
fresh-frozen plasma, 224, 238

DIC, 748
massive blood loss, 755
TTP, 789

Friedreich ataxia, 30
friend of GATA see FOG cofactors
frozen red cells, 222
fructose diphosphate aldolase A deficiency, 128
fungal infections

haematological complications, 848–849, 848
leukaemia patients, 408–409
post-HSCT, 667
see also specific fungal species

Fusarium spp., leukaemia patients, 404, 408, 410
FUT1, 205
FUT2, 205
FUT3, 205
FVR506Q mutation, 800

detection, 807
FXN, 23

G-CSF, 3, 224, 251, 296
ALL, 377
AML, 358, 359
CMML, 472
leukaemia, 402–403
MDS, 463
multiple myeloma, 549

severe congenital neutropenia, 258
stem cell mobilization, 656–657, 657

G-protein-coupled receptors, 682, 707–708
P2Y1 and P2Y12 ADP receptors, 707–708
PAR-1 and PAR-2 thrombin receptors, 708
platelets, 705
TxA2 receptor, 708

G6PD see glucose-6-phosphate dehydrogenase
GA101 see obinutuzumab
GAB2, 424
gabapentin

CINV, 414
neuropathic pain, 417

gain-of-function mutations, 36, 44, 315, 324
galactocerebrosidase, 271
γδ T-cell lymphoma, 593
ganciclovir, 666
Gardos pathway, 99
Gas6, 700
gastrectomy, cobalamin deficiency, 63
gastric biopsy, pernicious anaemia, 62
gastrin

pernicious anaemia, 62
receptor antibodies, 62

gastrointestinal complications
amyloidosis, 569
post-HSCT, 667, 671
thrombocytopenia, 764
TTP, 786

gastrointestinal infections
H. pylori see Helicobacter pylori gastritis
leukaemia patients, 407–408, 410

GATA1 mutation, 12, 12, 13–14, 18, 35, 75, 167, 319,
453, 873, 880

transient abnormal myelopoiesis of Down syndrome,
498

GATA2 mutation, 7, 12, 12, 75, 453
GATA2/EVI1 mutation, 365
GATA3 mutation, childhood ALL, 385
Gaucher disease, 270, 271, 271, 272–275, 763
clinical features, 272–273, 273

skeletal changes, 275, 275
laboratory features, 274, 274
treatment, enzyme replacement therapy, 272,

274–275, 274
GCSFR receptor, 453
GCVP (gemcitabine, cyclophosphamide, vincristine,

prednisolone) regimen, 637
GDF-15, 26
gelatinase, 254
gelsolin, amyloidosis, 563
gemcitabine

DLBCL, 637
mycosis fungoides, 534
Sézary syndrome, 535

gemtuzumab ozogamicin
AML, 358, 359, 369
APL, 368
liver toxicity, 667–668, 668

gender and survival, CLL, 507
gene editing, 8–9
gene expression profiling (GEP), 349–350

multiple myeloma, 539–540, 540
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gene rearrangement, 286
gene segments, 286
gene therapy, 8–9

Fanconi anaemia, 161–162
haemophilia, 723–724, 724
sickle cell disease, 112

genetic factors
aplastic anaemia, 179
childhood ALL, 384–385
CLL, 501, 503–504, 503, 508–509, 509
DLBCL, 635–636
malaria, 859
MDS, 442, 447–453
platelet function disorders, 713–714
see also cytogenetics

genome-wide association studies (GWAS), 76, 315,
319

childhood ALL, 385
heritable thrombophilia, 801

genomic rearrangement, 315
genotype-phenotype relationships

α-thalassaemia, 91–92, 91
β-thalassaemia, 81–82, 81
malignant disease, 321–328

leukaemia, 322–327, 323–326
lymphoid malignancies, 321–322, 322
multiple myeloma, 327–328

gentamicin, 407
genu valgum, 49
Gerbich blood group system, 196
Gerbich glycoproteins, 197
germinal centres, 294
germline genome, 315
germline mutations, 315, 316

childhood ALL, 384–385
germline variants, 315
gestational thrombocytopenia, 781–782, 781
GFI1, 251
Gfi1b, 14
GGCX mutation, 734, 737
Gilbert syndrome, 82, 96, 114, 127
Gill blood group system, 196
Glanzmann thrombasthenia, 704, 711, 713, 767–768,

768
genes involved in, 770

glibenclamide, G6PD deficiency, 135
global haemostasis tests, 737
globin synthesis, 15
Globoside blood group system, 196
globotriasylceramide, 275, 276
Glucksberg staging of GVHD, 665
glucocorticoid receptor, 17
glucocorticoids, childhood ALL, 393
glucosamine-warfarin interaction, 822
glucose phosphate isomerase deficiency, 128, 129
glucose-6-phosphate dehydrogenase deficiency, 129,

132–135, 134, 134, 135, 858, 875–876
chronic non-spherocytic haemolytic anaemia,

133–134
classification, 133
drug-induced acute haemolysis, 134, 134
favism, 133
laboratory diagnosis, 134–135, 134

management, 135
neonatal jaundice, 133, 875–876

glucosylceramide, 271
β-glucuronidase, 271
γ-glutamylcysteine synthetase deficiency, 130, 136
glutaredoxin-5, 30

mutations, 38
glutathione, 116, 135–136
glutathione peroxidase deficiency, 130
glutathione reductase deficiency, 130
glutathione synthetase deficiency, 130, 136
gluten-induced enteropathy, cobalamin malabsorption,

63
glycinamide ribonucleotide, 55
glycolytic pathway see Embden-Meyerhof pathway
glycophorins, 116, 196
glycophorin A (GPA), 13, 14, 117, 210
glycophorin B (GPB), 117
glycophorin C (GPC), 116, 117, 197
glycophorin D (GPD), 197
glycoproteinoses, 270
glycosaminoglycans (GAGs), 563
glycosylphosphatidylinositol (GPI), 116, 179, 197

defective, 187
GM-CSF, 251, 262, 283, 298, 326–327, 326
GnRH-a, protective role, 400
Golgi apparatus, 270, 651
gout, polycythaemia vera, 476
GPIb-IX-V receptor, 705–706, 706
GPIbαmutations, 770
GPIIb/IIIa receptor, 707
GPIX mutation, 770
GPVI receptor, 705, 706–707
Gr-1, 3
graft failure in HSCT, 663
graft-versus-host disease (GVHD), 8, 653

acute, 653, 654, 663–665, 664, 665
allogeneic HSCT, 186, 554
AML, 360, 370
chronic, 653–655, 654, 669–670, 669, 670
Glucksberg staging, 665
prophylaxis, 661

reduced-intensity conditioning, 662
skin lesions, 664
transfusion-associated, 180, 232–233

graft-versus-leukaemia effect, 8, 651, 655
AML, 360, 370

granulocyte colony-stimulating factor see G-CSF
granulocyte macrophage-stimulating factor see GM-CSF
granulocytes, 2

transfusion, 223–224
acquired aplastic anaemia, 180
leukaemia, 402

granulocytopenia
autoimmune, 511
multiple myeloma, 548

granulomatous dermatitis with eosinophilia, 262
granulopoiesis, 251

inhibition of, 259
granzymes, 290
Gray platelet syndrome, 714, 765, 768

genes involved in, 770
GRB2, 424

Griscelli syndrome, 268
griseofulvin-warfarin interaction, 822
GROα,β,γ, 298
growth differentiating factor-15, 84
growth factors
FGF, 7
haemopoietic, 462–463
HGF, 543
IGF-1, 17, 541
KL, 8
NGF, 298
platelets, 700
TGF, 7, 295, 296
VEGF, 8, 9, 541, 543

growth retardation
post-HSCT, 670
sickle cell disease, 102

growth-factor independent 1b (GFi-1b), 12
GTPases, 326
guanine nucleotide exchange factors (GEFs), 326
GVHD see graft-versus-host disease
GWAS see genome-wide association studies

H antigen, 203, 206
genes, 205

H blood group system, 196
haem, 29, 29
synthesis, 15, 29–30

pathological alterations, 35–39
haem oxygenase (HMOX1), 30
haem proteins, 21–22
haemangioblasts, 4, 4
haemato-oncology see malignant disease
haematocrit, 19, 19
haematological malignancy see malignant disease
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ALL, 383
drug interactions, 825
HSCT, 674
MDS, 463
see also individual drugs

in situ follicular lymphoma, 583
indels, 315, 317, 319
Indian blood group system, 196, 212
indirect agglutination test, 199
indirect antiglobulin test (IAT), 139
induced pluripotent stem cells, 9–10, 10
indwelling venous devices, thrombosis caused by,

811
infantile pyknocytosis, 876, 876
infants

ALL, 396–397
cobalamin deficiency, 61
premature

folate deficiency, 68, 70
jaundice, 114
red cell morphology, 871
‘top-up’ transfusion, 226

see also neonates

infections
aplastic anaemia, 181
haematological complications, 847–850

bacterial, fungal and protozoal, 848–849, 848
haemophagocytic lymphohistiocytosis, 849–850,

849
viral, 847–848, 847

leukaemia patients, 403–414, 404–406, 406–408,
411–413

antibiotic resistance, 410–411, 411
bone marrow transplant recipients, 413, 413
childhood ALL, 385
CLL, 512
empirical antibiotic therapy, 403–405, 407
febrile neutropenia, 403–405, 406, 407
focal, 409
gastrointestinal, 407–408, 410
host factors, 406
invasive fungal infection, 408–409
persistent fever, 411, 412–413
respiratory, 405–407, 405, 409–410
routes of access, 405
skin, 408, 410
stopping antibiotic therapy, 411, 413
vascular access devices, 408, 408, 410

line-associated, 408, 408, 410
multiple myeloma, 549
and non-immune acquired haemolytic anaemia,

148–150, 149
post-HSCT, 665–667, 665

fungal, 667
herpesvirus, 666

sickle cell disease, 102, 103, 110
splenectomy

overwhelming postsplenectomy infection, 120
prevention/management, 121

and thrombocytopenia, 763
TTI, 215–220, 216, 217, 234

bacterial contamination, 234
bacterial infection, 216, 219–220
Chagas disease, 216, 219
cytomegalovirus, 216, 218–219
Dengue fever, 216, 219
hepatitis, 216, 217–218, 217
HIV/AIDS, 218
HTLV, 217, 218
malaria, 216, 219
microbial testing, 217
prion diseases, 216, 220
protective measures, 217
syphilis, 219
West Nile virus, 216, 219

see also specific infections
infectious mononucleosis, 144, 145, 300–302

blood picture, 300
clinical features, 300
differential diagnosis and treatment, 301, 301
secondary associations, 301–302, 302
serological changes, 300–301

infertility
chemotherapy-induced, 613
post-HSCT, 670
see also fertility preservation
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inflammation, 26
and coagulation, 746
folate deficiency, 68
and venous thrombosis, 818, 818

inflammatory bowel disease, 818
inflammatory mediators see cytokines;

interleukins
innate immunity, 278
inotuzomab, ALL, 383
INPP4B, 365
insulin, 17
insulin-like growth factor see IGF-1
integrins, 101, 247, 248

platelet adhesion, 703
integrin α2β1 receptor, 706–707
integrin αIIbβ3 receptor, 707
integrin-associated protein, 683
interdigitating dendritic cells, 283, 293, 294
interferons, 298
interferon-α

clonal hypereosinophilia, 496
CML, 426
cold-type AIHA, 145
congenital dyserythropoietic anaemia, 170
eosinophilia, 263
essential thrombocythaemia, 484–485
mastocytosis, 493
polycythaemia vera, 478

interleukins
IL-1, 682

Gaucher disease, 271
hepcidin synthesis, 838
as proinflammatory mediator, 746

IL-1α, 298
IL-1β, 26, 298, 543
IL-2, 262, 292, 298
receptor, 296

IL-3, 8, 251, 262, 298, 543
IL-4, 283, 298
IL-5, 262, 298
IL-6, 298

Gaucher disease, 271
hepcidin synthesis, 26, 838
multiple myeloma, 541, 541, 543

IL-6R, 3
IL-7, 298, 543
IL-8, 271, 298
IL-9, 298
IL-10, 271, 298
IL-13, 298
IL-15, 298
IL-17, 295
IL-21, 541, 541
IL-23, 295

internal tandem duplication (ITD), 362
International Myeloma Working Group (IMWG), 543,

552, 552
International Normalized Ratio (INR), 816, 822,

832–833
International Prognostic Index (IPI)

DLBCL, 636–637, 636
mantle cell lymphoma, 628
peripheral T-cell lymphoma, 527

International Prognostic Score (IPS), 342, 443
Hodgkin lymphoma, 606, 608
MDS, 458–459, 459, 460–461, 461, 462
myelofibrosis, 490

International Staging System (ISS), 551
intestinal causes of cobalamin malabsorption, 63–64
intrauterine growth retardation, dyskeratosis congenita,

163
intrauterine neonatal transfusion, 222, 223
intravascular large B-cell lymphoma, 586, 587
intrinsic factor, 59

antibodies, 62
deficiency/abnormality, 63

intrinsic tenase complex, 677, 678, 679
intron inversions in haemophilia, 724
involved field radiotherapy

extranodal NK/T-cell lymphoma, nasal type, 649
follicular lymphoma, 618
Hodgkin lymphoma, 608, 609

involved mode radiotherapy, 608
iodine-tositumomab, 621
γIP-10, 298
IP-10, 298
IPI-145, CLL, 517
IRAG, 711
IRIS study, 425, 426, 427
iron, 21–39

absorption, 27–28
dietary and luminal factors, 28
mucosal factors, 28, 29
NTDT, 93

acute poisoning, 51
body burden, 46–48, 46
cardiac, 47, 47
dietary, 27–28
distribution, 21
in enzymes, 21–22, 22
homeostasis, 22, 27, 27, 28
intracellular transit, 30
liver, 47, 47
metabolism, 21–27

ACD, 838
investigation, 30–32
mitochondrial, 29–30
see also specific proteins

non-transferrin-bound, 30, 48, 84
organ damage, 46, 48
plasma turnover, 19
regulation, 15
reserves, 21, 27
serum, 31

ACD, 839
hypochromic anaemia, 30

storage, 23–24
investigation, 31
see also ferritin; haemosiderin

tissue supply, 31–32
transport proteins, 23–24
uptake by erythroid cells, 28–29, 29
urinary excretion, 48

iron chelation therapy, 84
acute iron poisoning, 51
aplastic anaemia, 181

Diamond-Blackfan anaemia, 168
HFE haemochromatosis, 44
iron-loading anaemias, 48–51
MDS, 463
NTDT, 51, 94
sideroblastic anaemia, 39
transfusion-dependent anaemia, 46
see also individual drugs

iron deficiency anaemia, 32–35
causes, 33–34, 33

blood loss, 33
diet, 33
increased physiological requirements, 33
malabsorption, 33–34

depletion of iron stores, 32
development of, 32
differential diagnosis, 30
iron refractory, 30, 35
management, 34–35

oral therapy, 34–35
parenteral therapy, 35

menstrual blood loss, 5
tissue effects, 32–33

iron overload, 40–52
acaeruloplasminaemia, 45
African, 45
causes, 41

atransferrinaemia, 45
β-thalassaemias, 84
chronic liver disease, 45
hereditary haemochromatosis, 40–45

hereditary hyperferritinaemia-cataract syndrome, 45
iron refractory iron deficiency anaemia (IRIDA), 30, 35
iron regulatory protein (IRP), 27, 27
iron-binding capacity, total (TIBC), 31
ACD, 839
hypochromic anaemia, 30

iron-deficient erythropoiesis, 32
iron-loading anaemias, 45–51
body burden, 46–48, 46
chelation therapy see iron chelation therapy

iron-responsive binding protein, 15
iron-responsive elements (IREs), 15, 15, 27, 27
iron-sulfur clusters, 29–30
IRP1 (ACO1), 24
IRP2 (IREB2), 24
irradiated blood components, 180, 224, 226, 227
islet amyloid polypeptide, amyloidosis, 563
isocitrate dehydrogenase inhibitors, 370
isoniazid
G6PD deficiency, 135
and sideroblastic anaemia, 39

isosorbide dinitrate, G6PD deficiency, 135
ITAMs, 248
ITIMs, 711
ITP see immune thrombocytopenia
itraconazole, 181, 409
NOAC interaction, 825

IVE (iphosphamide, epirubicin, etoposide) regimen,
622

ivermectin, 863
ixazomib, 559
Ixodes spp., babesiosis, 149
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Jacobsen syndrome, 765
genes involved in, 770

JAK-STAT signalling pathway, 16, 17, 17, 541,
541

Hodgkin lymphoma, 602
PMBL, 641

JAK2 mutation, 319, 324, 472, 475, 701
childhood ALL, 390
MDS, 450
PMBL, 642

JAK2 V617F mutation, 475, 478, 482, 485
JAK3 mutations, 327, 453
Janus kinase genes see JAK
JMML see juvenile myelomonocytic leukaemia
Job syndrome, 259
John Milton Hagen blood group system, 196
joint pain in leukaemia patients, 417
JR blood group system, 196, 212
juvenile myelomonocytic leukaemia (JMML), 326,

472
juvenile pernicious anaemia, 62–63

K1F23 mutation, 873
kallikrein-kinin system, 746
kallikreins, 263
kaolin clotting time (KCT), 814, 815
Kaplan-Meier curves, 635
Kasabach-Merritt syndrome, 757
kataegis, 315, 320
Katayama syndrome, 867
Kayser-Fleischer rings, 154
Kearns-Sayre syndrome, 38
Kell blood group system, 196, 210–211

haemolytic transfusion reactions, 229
kernicterus, 118
ketoconazole-NOAC interaction, 825
α-ketoglutarate, 451
Kidd blood group system, 196, 211, 212, 226
haemolytic transfusion reactions, 229

killer inhibitory receptors (KIRs), 291, 652
Kimura disease, 262, 262
kinase spindle protein inhibitors, 560
KIT receptor, 453
KL growth factor, 8
Klebsiella spp., 102, 257

antibiotic susceptibility, 407
leukaemia patients, 404
line-associated, 408

Klebsiella pneumoniae
antibiotic resistance, 411
leukaemia patients, 405

KLF1, 14, 15, 75, 76
Knops blood group system, 196, 212
Kostmann syndrome, 879
Krabbe disease, 272
KRAS, 326, 327, 453

MDS, 450
Krebs cycle, 451
Kruppel-like factor 1 (KLF1), 12
Kunitz-type inhibitors, 691
Kupffer cells, 47, 140, 265
kwashiorkor, 71
Kx blood group system, 196

L-selectin, 247, 248
lactate dehydrogenase

sickle cell disease, 105
warm-type AIHA, 141

lactoferrin, 25, 251, 254
LAG-3, 296
laminin, 247
Lan blood group system, 196, 212
Landsteiner-Wiener blood group system, 196, 212
Langerhans cell histiocytosis, 266–267

pulmonary, 267
Langerhans cells, 266, 267, 293
large granular lymphocyte leukaemia (LGL), 525–526

clinical features, 525–526
diagnosis, 526
prognosis, 526
red cell aplasia, 840
treatment, 526

large granular lymphocytes, 290
lassa fever, 868
lead poisoning, 36

haemolytic anaemia, 153
sideroblastic anaemia, 39

lecithin see phosphatidylcholine
lectins, 198
left ventricular ejection fraction (LVEF), 48
leg ulcers in sickle cell disease, 104, 106–107
Legionella spp., 105
Leishmania donovani, 219, 866
leishmaniasis, 865–867

clinical features, 866
diagnosis, 866–867, 866
epidemiology and biology, 865–866
global distribution, 866
haematological abnormalities, 866
treatment, 867

lenalidomide
amyloidosis, 570
CLL, 515
follicular lymphoma, 623
Hodgkin lymphoma, 608, 610
mantle cell lymphoma, 629
MDS, 466–467
multiple myeloma, 553, 554, 555, 556, 557,

558
peripheral T-cell non-Hodgkin lymphoma, 530
side-effects, 558

venous thrombosis, 812
Letterer-Siwe disease, 266
leucapheresis, 426
leucocytes see white cells
leucocyte adhesion deficiency (LAD), 254–255, 259
leucocyte alkaline phosphatase reaction, 420
leucocyte chemotactic factor II in amyloidosis,

563
leucocyte integrins, 247
leucocyte response integrin, 247
leucocytosis, 300

African trypanosomiasis, 864–865
CML, 420, 421

leucodepletion, 221, 222
leucoerythroblastic anaemia of malignancy, 840, 840
leucopenia in HIV/AIDS, 852

leukaemia
acute lymphoblastic see acute lymphoblastic

leukaemia (ALL)
acute mixed phenotype, 355
acute monoblastic, 336, 338
acute myeloid see acute myeloid leukaemia (AML)
acute promyelocytic (APL), 334, 362, 367–368

haemostatic abnormalities, 748–749
thrombotic risk, 818

adult T-cell leukaemia/lymphoma, 590, 590, 648–649
aggressive NK-cell, 589, 589
B-cell prolymphocytic (B-PLL), 501, 504, 518–519,

519, 577
cause, 1
chronic lymphocytic see chronic lymphocytic

leukaemia (CLL)
chronic lymphocytic/prolymphocytoid (CLL/PL),

505
chronic myelogenous, 335
chronic myeloid (CML) see chronic myeloid

leukaemia (CML)
chronic myelomonocytic (CMML), 326, 436, 439,

469–472
chronic neutrophilic (CNL), 329, 436, 496–497, 496,

497
chronic T-cell, 524–526

large granular lymphocyte leukaemia, 525–526
T-cell prolymphocytic leukaemia, 524–525

epigenetics, 322–327, 323–326
genotype-phenotype relationship, 322–327, 323–326
hairy cell see hairy cell leukaemia
juvenile myelomonocytic (JMML), 326, 472
large granular lymphocyte (LGL), 525–526
lymphoplasmacytic, 501
mast cell, 265
mixed lineage (MLL), 12, 12
myelomonocytic, 337
neonates, 879–880, 880
plasma cell, 545
risk factors for development, 319
supportive care, 399–418

anaemia, 400–401
chemotherapy-induced nausea and vomiting, 414
infections, 403–414, 404–406, 406–408, 411–413
metabolic complications, 414–416
nutritional, 414
pain, 417
palliation, 417
psychological, 399–400
reproductive, 400
skin, nail and dental problems, 416–417
thrombocytopenia, 401–403

T-cell acute lymphoblastic, 12, 12, 14, 335
T-cell lymphoblastic (T-ALL), 321
T-cell prolymphocytic (T-PLL), 345, 524–525, 589
see also specific types

leukaemia cutis, 410
leukaemia inhibitory factor (LIF), 266
leukaemia-associated aberrant immunophenotypes

(LAIPs), 367, 391
leukaemic transformation

essential thrombocythaemia, 483
MDS, 441–442
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paroxysmal nocturnal haemoglobinuria, 189
polycythaemia vera, 476–477

leukaemogenesis, 322–323, 385, 443, 649
BCL11A in, 76
melphalan/dexamethasone therapy, 570

leukaemoid reaction, 253
infections, 848

leukonychia, 416
leukoplakia in dyskeratosis congenita, 162, 163
levodopa, and warm-type AIHA, 142
levofloxacin, 407
Lewis blood group system, 196, 205–207, 206

antibodies, 206–207
antigens, 205–206, 206
haemolytic transfusion reactions, 229

LFA-1, 247
LGL see large granular lymphocyte leukaemia
Li-Fraumeni syndrome, childhood ALL, 384–385
light transmission aggregometry (LTA), 712
line-associated infections, leukaemia patients, 408, 408,

410
linear evolution (of cancer), 315, 328, 328
linezolid, 407
lipid bilayer, 115, 116
Listeria spp., 145

CLL, 512
liver

biopsy, HFE haemochromatosis, 43, 43
iron, 47, 47
red cell destruction, 140

liver disease
amyloidosis, 569
differential diagnosis, 747
dyskeratosis congenita, 163
folate deficiency, 68
haematological complications, 846–847, 846

anaemia, 846
haemolytic anaemia, 154–155
haemostatic abnormalities, 750–752, 750, 751

acute hepatitis, 750–751
chronic liver disease, 751–752
hypercoagulability, 752
liver transplantation, 752

hepatitis see entries under hepatitis
iron overload, 45
post-HSCT, 667–668, 668, 671
TTP, 786

liver function tests
Hodgkin lymphoma, 605
post-HSCT, 667–668, 668

liver transplantation, 752, 846–847
LMAN1 mutation, 734, 737, 739
LMO1 mutation, childhood ALL, 390
LMO2 mutation, 9, 12

childhood ALL, 390
Loa loa, 862
localized AL amyloidosis, 571–572
Loeffler syndrome, 262, 262
LOH see loss-of-heterozygosity
long-term culture-initiating cells (LTC-ICs), 2
loss-of-function mutation, 315
loss-of-heterozygosity (LOH), 315, 318

copy neutral, 318

low molecular weight heparin (LMWH), 692, 820, 821,
821

antiphospholipid syndrome, 816
cancer-related venous thromboembolism, 817
venous thrombosis, 810

low-density lipoprotein, 271
low-grade non-Hodgkin lymphoma see non-Hodgkin

lymphoma
low-oxygen-affinity haemoglobin variants, 96–97
LTB4, 249
LUC7L mutation, 90
LUC7L2 mutation, 448
lumbar puncture, ALL, 375
lung cancer, mutations, 320
lung disease

and erythrocytosis, 479
TRALI, 232, 233
see also pulmonary complications

lung resistance protein, 366
lupus anticoagulant, 813, 814

assays, 814–815
prothrombin deficiency, 760

Lutheran blood group system, 196, 211, 212
haemolytic transfusion reactions, 229

lymph nodes, 279, 292, 293
anaplastic large-cell lymphoma, 529
angioimmunoblastic T-cell lymphoma, 528
CLL, 578
Hodgkin lymphoma, 606
peripheral T-cell lymphoma not otherwise specified,

527
lymphadenopathy

complications, 605
follicular lymphoma, 616
Hodgkin lymphoma, 604–605

lymphoblastic lymphoma, 371
lymphocytes, 278–279

antigen recognition, 279–280
non-haematological malignancy, 841
see also B cells; T cells

lymphocyte chemoattractant factor (LCF), 262
lymphocyte count, 297–300, 299, 500
lymphocytosis, 299, 300
B-cell, 502

monoclonal, 506, 506
polyclonal, 505, 505

follicular lymphoma, 521
infections

bacterial, fungal and protozoal, 848
viral, 847

mantle cell lymphoma, 522
monoclonal B-cell (MBL), 506, 506, 575
tropical diseases, 868

lymphoid malignancies
genotype-phenotype relationship, 321–322, 322
NOTCH signalling, 321–322, 322

lymphoid primed multipotent progenitor (LMPP), 3
lymphoma

adult T-cell leukaemia/lymphoma, 590, 590, 648–649
ALK-positive large B-cell, 587
anaplastic large B-cell, 345, 528–529, 529

ALK+, 596–598, 596–598
ALK-, 598–599

cytogenetics, 632
primary cutaneous, 535, 593

angioimmunoblastic T-cell, 527–528, 528, 594–596,
595

B-cell unclassifiable (BCLU)
clinical/molecular features, 644
intermediate between DLBCL and Burkitt

lymphoma, 588
intermediate between DLBCL and Hodgkin

lymphoma, 588–589
Burkitt, 301–302, 321, 372, 577, 587–588, 588,

643–644
blood film, 333, 588
cytogenetics, 345, 632
HIV-positive patients, 646
immunohistochemistry, 341

central nervous system, 646–647
classification, 575–600
CNS, 639, 646–647

diagnosis, 646
genetic/molecular features, 646
prophylaxis, 648
relapse, 647

diffuse large B-cell (DLBCL), 511, 577, 634–641
aetiology, 634
cytogenetics, 632
HIV-positive patients, 645–646
immunohistochemistry, 341
immunophenotype, 577
molecular basis, 634–636, 644
not otherwise specified, 584–586, 585, 585, 586
pathogenesis, 634
with predominant extranodal location, 586–587,

587
primary cutaneous, leg type, 586–587
prognostic factors, 636–637, 636
treatment, 637–641, 637

double-hit/triple-hit, 645
enteropathy-associated T-cell, 529, 591, 591
extranodal NK/T-cell, nasal type, 590–591, 591,

649
follicular see follicular lymphoma
hepatosplenic T-cell, 529–530, 591–592, 592
Hodgkin, 336, 599–600, 599, 601–613

classical, 600
EBV-positive, 301–302, 302
immunohistochemistry, 341
nodular lymphocyte-predominant, 599–600
and warm-type AIHA, 142

immunophenotype, 501
intravascular large B-cell, 586, 587, 642–643
lymphoblastic, 371
lymphoplasmacytic see Waldenström’s

macroglobulinaemia
mantle cell, 345, 483–484, 501, 522, 522, 577,

583–584, 584, 628–629
marginal zone, 624–626

gastric MALT lymphoma, 624–625
MALT lymphoma, 580–581, 580
nodal (NMZL), 581, 581, 626
non-gastric MALT lymphoma, 625
splenic, 501, 521–522, 521, 577–578, 577, 579,

625–626
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lymphoma (Continued)
non-Hodgkin see non-Hodgkin lymphoma; and

specific types
peripheral T-cell non-Hodgkin see peripheral T-cell

non-Hodgkin lymphoma
plasmablastic, 576, 577, 585, 587, 632
primary cutaneous
anaplastic large-cell, 345, 528–529, 529
γδ T-cell, 593

primary effusion, 587, 587
primary mediastinal B-cell, 577
primary mediastinal (thymic) large B-cell (PMBL),

586, 641–642
risk factors for development, 319
small lymphocytic (SLL), 501, 506, 506
subcutaneous panniculitis-like T-cell lymphoma, 592,

592
T-cell/histiocyte-rich large B-cell, 586
transformed, 644–645
treatment, 646–647
see also specific types

lymphomatoid papulosis, 535, 593
lymphopenia, 300

bacterial, fungal and protozoal infections, 848
secondary, 301

lymphoplasmacytic lymphoma see Waldenström’s
macroglobulinaemia

lymphoproliferative disease, 139, 141, 144
autoimmune (ALPS), 142
B-cell, 501
post-transplant, 301, 321, 647–648, 668–669
T-cell see T-cell lymphoproliferative disorders
and warm-type AIHA, 142

lysins, 139
lysophosphatidic acid, 699
lysophospholipase, 261
lysosomal hydrolases, 270
lysosomal storage disorders, 270–277

biochemistry, 273
diagnosis, 271
Fabry disease, 272, 275–276, 276
Gaucher disease, 270, 271, 271, 272–275, 273
Niemann-Pick disease, 275, 276
pathophysiology, 270–271, 271
Pompe disease, 272, 276
prevalence, 271
prognosis, 272
treatment, 271–272
see also specific disorders

lysosome-associated membrane proteins (LAMPs), 270
lysosomes, 270
lysozyme, 251, 254, 271

AML, 355
amyloidosis, 563

M-CSF, 251, 271
M-protein, 543
Mac-1, 3, 247
MACE-CYTABOM (doxorubicin, etoposide,

prednisolone, cytarabine, bleomycin, vincristine,
methotrexate) regimen, 637

McLeod phenotype, 124, 124
McLeod syndrome, 211

MACOP B (methotrexate, doxorubicin,
cyclophosphamide, vincristine, prednisolone,
bleomycin) regimen

DLBCL, 637
PMBL, 642

macrocytosis, 58
malignant disease, 332

α2-macroglobulin, 693
macroglossia in amyloidosis, 564
macrophage colony-stimulating factor see M-CSF
macrophage inflammatory protein see MIP
macrophage mannose receptors (MMR), 248
macrophages, 2, 30, 35, 265–269, 295

disorders of, 266–269, 266–268
morphology, 252

MAFB, multiple myeloma, 539
MAG91 study, 553
magnetic resonance imaging (MRI)

cardiac iron, 47, 47
clonal hypereosinophilia, 496
liver iron, 47, 47
multiple myeloma, 547

MAIPA assay, 774
major basic protein (MBP), 261, 264
major histocompatibility complex see MHC
malabsorption

cobalamin, 61–64, 62
atrophic gastritis, 63
gastrectomy, 63
intestinal causes, 63–64
intrinsic factor deficiency/abnormality, 63
pernicious anaemia, 61–63

folate, 67
iron deficiency anaemia, 32–33

malaria, 98, 854–861
clinical features, 856–858

P. falciparum, 856–857, 857, 858
P. knowlesi, 858
P. malariae, 857
P. vivax and P. ovale, 857–858

diagnosis, 859
antibody detection, 859
antigen detection, 859
DNA probes, 859
microscopy, 859

differential diagnosis, 860, 861
epidemiology and biology, 854–856, 855
G6PD deficiency, 132
genetic protection mechanisms, 859
haematological abnormalities, 849, 858–859
haemolytic anaemia, 148–149, 149
microbial testing, 217
mortality, 855
parasite, 854–856, 856

see also Plasmodium spp.
resistance to, 212–213
spleen in, 306, 308
transfusion transmission, 216, 219
treatment, 859, 861

males, iron homeostasis, 28
malignant disease, 314–331

blood transfusion, 226, 227
clonal evolution, 328–329, 328

clonal structure, 329–330, 330
genotype-phenotype relationship, 321–328

epigenetics and leukaemia, 322–327, 323–326
multiple myeloma, 327–328
NOTCH signalling and lymphoid malignancies,

321–322, 322
haematological complications, 839–843

anaemia, 839, 839
coagulation, 842–843, 842, 843
haemolysis, 839–840
leucoerythroblastic anaemia, 840, 840
platelets, 841–842, 841
polycythaemia, 841
red cell aplasia, 840
white cells, 841, 841

inherited predisposition, 318–321
acquired DNA mutations, 319–321, 320

laboratory diagnosis, 332–351
blood count/film, 332–334, 333–336
bone marrow aspirate, 334–335, 337
bone marrow trephine biopsy, 336–337, 338
cytochemistry, 338, 338, 339
cytogenetic analysis, 342–343, 342, 343
FISH, 343–344, 344–347, 345
flow cytometric immunophenotyping, 339–341,

340
histology, 338–339
immunohistochemistry, 341
microarray analysis, 349–350
molecular genetics, 344, 346–348, 347, 348
next generation sequencing, 350
whole-genome scanning, 348–349, 349

leukaemia see leukaemia
lymphoma see lymphoma
lymphoproliferative disease see lymphoproliferative

disease
myelodysplastic syndromes, 189, 352, 438–473
myeloproliferative neoplasms, 474–499
spleen in, 308
staging

Ann Arbor staging system, 605, 606, 606, 633
International Staging System (ISS), 551
Rai-Binet staging, 508

treatment
chimeric antigen receptors, 296, 297
co-stimulatory blockade, 296, 296

and venous thromboembolism, 816–817, 817
see also individual conditiosn

maloprim, oxidative haemolysis, 153
MALT see mucosa-associated lymphoid tissue
MALT lymphoma, 580–581, 580

immunophenotype, 577
non-gastric, 625

MALT1, 581
α-mannosidase, 271
Mansonella ozzardi, 862
Mansonella perstans, 862
mantle cell lymphoma, 345, 522, 522, 577, 583–584, 584,

628–629
immunophenotype, 501, 577
prognosis, 628
treatment, 628–629

Marburg virus, 868
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March haemoglobinuria, 152–153
marginal zone cells, 290, 291
marginal zone lymphomas, 624–626

gastric MALT lymphoma, 624–625
MALT lymphoma, 580–581, 580
nodal marginal zone lymphoma (NMZL), 581, 581,

626
non-gastric MALT lymphoma, 625
splenic marginal zone lymphoma, 501, 521–522, 521,

577–578, 577, 579, 625–626
marizomib, 559
mass spectrometry, amyloidosis, 565, 567
massive blood loss, 755, 755
massive transfusion, 747
mast cells, 263–265, 264

binding, 281
development and function, 263
disorders of, 264–265
granules, 264

mast cell leukaemia, 265
mast cell tryptase, 493
mastocytoma, 265
mastocytosis, 490–494

classification, 491
clinical features, 491–492

cutaneous, 491, 491
systemic, 491–492

future directions, 493–494
investigations, 492, 492, 493, 494
pathophysiology, 491
prognosis, 494
treatment, 492–493

matriptase-2, 24, 26–27
mature B-cell ALL, 372, 388
mature B-cell neoplasms, 575–589, 577

B-cell lymphomas, unclassifiable
intermediate between DLBCL and Burkitt

lymphoma, 588
intermediate between DLBCL and Hodgkin

lymphoma, 588–589
Burkitt lymphoma, 301–302, 321, 372, 577, 587–588,

588
chronic lymphocytic leukaemia/small lymphocytic

lymphoma (CLL/SLL), 575–577, 577
diffuse large B-cell lymphoma (DLBCL)

not otherwise specified, 584, 585, 585, 586
with predominant extranodal location, 586–587,

587
extranodal marginal zone lymphoma of MALT,

580–581, 580
follicular lymphoma, 345, 521, 521, 577, 581–583,

582, 583
hairy cell leukaemia see hairy cell leukaemia
immunophenotype, 577
large-cell lymphomas of terminally differentiated

B-cells, 587, 587
lymphoplasmacytic lymphoma, 504, 578
mantle cell lymphoma, 345, 522, 522, 577, 583–584,

584
nodal marginal zone lymphoma (NMZL), 581, 581
plasma cell neoplasms, 578–580, 579
splenic marginal zone lymphoma, 521–522, 521,

577–578, 577, 579

mature NK-cell/T-cell neoplasms, 589–599
adult T-cell leukaemia/lymphoma, 590, 590
aggressive NK-cell leukaemia, 589, 589
anaplastic large-cell lymphoma

ALK+, 596–598, 596–598
ALK-, 598–599

angioimmunoblastic T-cell lymphoma, 594–596, 595
EBV-positive T-cell lymphoproliferative disorders of

childhood, 590, 590
enteropathy-associated T-cell lymphoma, 529, 591,

591
extranodal NK/T-cell lymphoma, nasal type, 590–591,

591
hepatosplenic T-cell lymphoma, 529–530, 591–592,

592
immunophenotype, 589
mycosis fungoides and Sézary syndrome see mycosis

fungoides; Sézary syndrome
peripheral T-cell lymphoma not otherwise specified,

594, 594
primary cutaneous CD30-positive

lymphoproliferative disorders, 593
primary cutaneous γδ T-cell lymphoma, 593
subcutaneous panniculitis-like T-cell lymphoma, 592,

592
mature T-ALL, 372
Maurer’s clefts, 857
May-Hegglin anomaly, 253, 255, 259

genes involved in, 770
MCFD2 mutation, 734, 737, 739
MCL1 protein, CLL, 502
MCP, 792
MCP-1, 298
MCP-2, 298
MCP-3, 298
MDS see myelodysplastic syndromes
MDS-Specific Co-morbidity Index and Comprehensive

Geriatric Score, 462
mean corpuscular haemoglobin concentration (MCHC),

HbSC disease, 107
mean corpuscular haemoglobin (MCH), 32

ACD, 839
β-thalassaemias, 82
hypochromic anaemia, 30

mean corpuscular volume (MCV), 32
ACD, 839
β-thalassaemias, 82
hypochromic anaemia, 30
megaloblastic anaemia, 57

mean platelet volume (MPV), 712
mebendazole, 867
mechlorethamine, Hodgkin lymphoma, 608
Medicines and Healthcare Products Regulatory Agency

(MHRA), 235
Mediterranean macrothrombocytopenia, 765

genes involved in, 770
medullary cords, 294
Mee’s lines, 416
MEF2B, 585
mefenamic acid

immune haemolytic anaemia, 147
warm-type AIHA, 142

mefloquine, 861

megakaryocyte-erythroid progenitor (MEP), 12, 12
megakaryocytes, 2, 700, 701
congenital deficiency, 763–764
myelodysplastic syndrome, 336
see also platelets

megalin, 60
megaloblastic anaemia, 53–71
antimetabolites, 70–71
biochemical basis, 53
causes, 54
clinical features, 54, 56–57

cardiovascular disease, 56–57
epithelial surface effects, 54
malignancy, 57
neural tube defects, 56
neurological manifestations, 57
pregnancy complications, 54, 56

cobalamin see cobalamin
folate see folate
haematological findings, 57–59

bone marrow, 58, 58
chromosomes, 59
haemopoiesis, 59
peripheral blood, 57–58, 58, 58

management, 69–70
cobalamin deficiency, 69–70
folate deficiency, 70
folinic acid, 70

type 1 see Imerslünd syndrome
Meis1, 9
meizothrombin, 690
MEK inhibitors, 560
melanoma, mutations, 320
melarsoprol, 865
melphalan
amyloidosis, 570, 571
DLBCL, 637
multiple myeloma, 552, 554, 555, 556
and myelodysplastic syndromes, 439

membrane attack complex, 285
membrane inhibitor of reactive lysis see CD59
memory cells, 294
menadiol, oxidative haemolysis, 153
meningococcal vaccine, post-splenectomy, 311
meningomyelocele, 56
menometrorrhagia, 738
menorrhagia, 726, 740
menstrual blood loss, 5
mepolizumab, 263
6-mercaptopurine
ALL, 379, 380

childhood, 393, 394
APL, 368
megaloblastic anaemia, 53, 70–71

Merkel cell carcinoma, 512
meropenem, 407
mesenteric vein thrombosis, 837
mesoangioblasts, 7
metabolic acidosis, 136
metabolic complications
leukaemia patients, 414–416

differentiation syndrome, 416
fluid balance, 414–415
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metabolic complications (Continued)
hydration prior to cytotoxic agents, 415
hyperleucocytosis, 415–416
tumour lysis syndrome, 415

metachromic leucodystrophy, 272
methaemoglobinaemia, 115, 153–154

congenital, 97
and erythrocytosis, 480–481

methicillin resistance, 411
methotrexate, 68–69

ALL, 379, 380
childhood, 393, 394

APL, 368
DLBCL, 637
encephalopathy, 380–381
GVHD prophylaxis, 661, 662
LGL, 526
Sézary syndrome, 535
visual toxicity, 417

methylation, 315
methyldopa, immune haemolytic anaemia, 147, 147
methylene blue, G6PD deficiency, 135
methylenetetrahydrofolate reductase (MTHFR), 802
methylmalonate, 65
methylmalonic acidaemia/aciduria, 64
methylprednisolone

DLBCL, 637
follicular lymphoma, 622
Hodgkin lymphoma, 611
ITP, 778

metronidazole, 407
warfarin interaction, 822

Mey-Hegglin anomaly, 765
MGUS see monoclonal gammopathy of unknown

significance
MHC, 278–279, 281, 651

antigen processing, 284
antigen recognition, 283
polymorphism, 286, 286

miconazole-warfarin interaction, 822
microangiopathic haemolytic anaemia (MAHA), 150,

151–152
causes, 152
differential diagnosis, 747
and infection, 151–152
of malignancy, 151, 840
post-HSCT, 668

microarray analysis, 348, 349–350
SNPs, 348, 349, 349

microcephaly, dyskeratosis congenita, 163
Micrococcus spp., transfusion transmission, 216
microcolumn tests, 200, 201
microcytosis

malignant disease, 332
MDS, 454

microenvironment
DLBCL, 636
haemopoietic-supportive, 7–8
Hodgkin lymphoma, 602
multiple myeloma, 541–542, 541, 542

microRNAs
CLL, 510
multiple myeloma, 540

microthromboembolic disease, 757
microtitre plates, 201
microvesiculation, 18
midostaurin, 493
miglustat, 275, 276
mild common hereditary elliptocytosis, 121, 122
minimal residual disease (MRD)

ALL, 373–374, 373
childhood, 391–392

AML, 366–367
CLL, 513

MIP-1α, 298, 543
MIP-1β, 298
MIP-3α, 543
missense mutations, 315, 317, 323, 721
mitochondria

citric acid cycle, 30
haem proteins, 21–22
iron metabolism, 29–30

mitochondrial DNA mutations, 38
mitochondrial myopathy and sideroblastic anaemia

(MLASA), 38
mitoferrin, 1, 23
mitogen-activated protein kinase (MAPK), 326
mitoxantrone

AML, 360
mantle cell lymphoma, 628

mixed lineage leukaemia (MLL), 12, 12
mixed phenotype acute leukaemia (MPAL), 355
MLL-MLLT2 mutation, 348
MLL-PTD mutation, 365
MLL2 mutation

DLBCL, 635
follicular lymphoma, 616

MLL gene, childhood ALL, 389
MLL fusion proteins, 323
MLL transcription factor, 453
MLL-AF4, 373, 374
MML2, 585
MMP-2, 700
MMSET, multiple myeloma, 538–539
MN1, 365
MNS blood group system, 196, 210

antibodies, 210
antigens, 210
haemolytic transfusion reactions, 229

molecular biology, 333
AML, 353–354, 354
CML, 421–424, 421–424
haemophilia, 722–723
MDS, 446–453, 457–458

epigenetic abnormalities, 450–452
somatic mutations, 452–453
spliceosome mutations, 447–450, 448, 449, 450

monoclonal antibodies
anti-CD20, 512
anti-PD-1, 296, 296
aplastic anaemia, 185
multiple myeloma, 559–560
red cells, 198
warm-type AIHA, 143
see also specific monoclonal antibodies

monoclonal B-cell lymphocytosis (MBL), 506, 506, 575

monoclonal gammopathy of unknown significance
(MGUS), 328, 537, 543–544, 578

immunohistochemistry, 341
see also multiple myeloma

monoclonal immunoglobulin light chain (AA)
amyloidosis, 563, 564

monocytes, 265–269
disorders of, 266–269, 266–268

histiocytic disorders, 266–269, 267, 268
monocytosis/monocytopenia, 266, 266

morphology, 252
non-haematological malignancy, 841

monocytopenia, 266
monocytosis, 266, 266

CML, 420
infections, bacterial, fungal and protozoal, 848
MDS, 454
tropical diseases, 868

MonoMac syndrome, 453
monomethyl auristatin E see brentuximab vedotin
monosomy 7, 446, 472
monosomy 13, 539
Monospot test, 301
MOPP (mechlorethamine, vincristine, procarbazine,

prednisone) regimen, 608
Morganella morganii, antibiotic resistance, 411
Mott morular cells, 865
mouse models of haemopoiesis, 6, 7
moyamoya transformation, 104
MPAL see mixed phenotype acute leukaemia
MPL, MDS, 450
MRC 03 trial, 554
MRI see magnetic resonance imaging
MRP1, 366
MRSA, antibiotic susceptibility, 407
mTOR inhibitors, 560, 627, 629

see also individual drugs
mucopolysaccharidoses, 270
Mucor spp., 409

antibiotic susceptibility, 409
mucosa-associated lymphoid tissue (MALT), 572

extranodal marginal zone lymphoma, 580–581, 580
mucositis post-HSCT, 667
multidrug resistance, 649
multidrug resistance protein 1, 366
multiparameter flow cytometry (MFC-MRD), 366
multiple myeloma, 537–561, 577, 578–579

blood film, 337, 542
cellular origin of myeloma cells, 537–538
clinical features, and pathogenesis, 542–543
differential diagnosis, 543–545

MGUS, 543–544
smouldering multiple myeloma, 544
symptomatic multiple myeloma, 544–545, 544,

545
disease complications, 546–549, 546

anaemia and bone marrow failure, 548–549
bone involvement, 542–543, 542, 546–547, 546,

547
infection, 549
neurological, 549
and prognosis, 551
renal failure, 547–548

918



Index

epidemiology and aetiology, 537
genomic abnormalities, 538–540

dysregulation of cyclin D genes, 540
epigenetic modifications, 539
gains/losses of chromosomal material, 539
gene expression profiling, 539–540, 540
IGH translocations, 538–539, 538
late genetic events, 539
microRNA expression, 540
whole-genome sequencing, 539

genotype-phenotype relationship, 327–328
IgM, 545
immunophenotype, 577
laboratory work-up, 545
mutations, 320
non-secretory, 545
organ/tissue impairment, 544
pathogenesis, 537–543

and clinical features, 542–543
interaction between plasma cells and

microenvironment, 541–542, 541, 542
multistep, 540–541

prognostic factors, 549–552, 550
host, 549–550
malignant clones, 550
response to therapy, 551–552, 552
tumour burden, 551

smouldering, 540, 544
treatment, 552–560

allogeneic HSCT, 554–555
autologous HSCT, 548, 553–554, 554
new drugs, 559–560
newly diagnosed elderly and non-transplant

candidates, 555–557, 556
newly diagnosed transplant candidates, 552–555,

553, 554
rationale, 552
relapsed patients, 557, 558
side-effects, 557–559

MUM1, 341
B-cell neoplasms, 577

mutational signatures, 315, 320
mutations, 315–316, 317–318, 317, 318

acquired, 319–321, 320
endogenous processes, 320
exogenous processes, 320–321
see also specific mutations

mutual exclusivity, 315, 321
MYB, 9, 76
MYC rearrangement, 318, 345

Burkitt lymphoma, 643
Myc-n, 9
Mycobacterium spp., CLL, 512
Mycobacterium tuberculosis, leukaemia patients, 407,

410
mycophenolate mofetil

autoimmune cytopenia, 511
GVHD prophylaxis, 661, 662
ITP, 778
warm-type AIHA, 142, 144

Mycoplasma spp., 105
Mycoplasma pneumoniae, 102, 141, 144, 145,

406

mycosis fungoides, 531–534, 532, 533, 533, 534,
592–593, 593

clinical features, 531–532, 532
folliculotropic, 532
immunophenotype, 589
morphology, 532, 532, 533
staging, 532–533, 533, 534
treatment, 533–534

MYD88 mutation
CLL, 502, 504, 505, 509
DLBCL, 585, 635
Waldenström’s macroglobulinaemia, 626

myeloablative conditioning regimens, 659–661
myelodysplasia, 157, 174

with α-thalassaemia, 93
myelodysplastic syndromes (MDS), 189, 352,

438–473
aetiology, 439
apoptosis, 443
blood film, 336
of childhood, 472–473
classification, 439–441

FAB, 439, 439
WHO, 439–441, 440

clinical features, 454
cytochemistry, 339
cytogenetics, 443–446, 443, 457

chromosome 7 abnormalities, 446
deletion chromosome 5q, 444–446, 445
SNP-A karyotyping, 444

diagnosis, 454–458
blood count, 454
bone marrow histology, 457
bone marrow morphology, 454–457,

455–457
peripheral blood morphology, 454

future directions, 473
history, 438
hypoplastic, 441
immunological abnormalities, 442–443
incidence, 438–439
with isolated del(5q) see 5q-syndrome
molecular biology, 446–453, 457–458

epigenetic abnormalities, 450–452
somatic mutations, 452–453
spliceosome mutations, 447–450, 448, 449, 450

myelofibrotic, 441
natural history, 458
pathogenesis, 441–442
prognosis, 458

International Prognostic Scoring System, 458–459,
459

molecular mutations, 461
Revised International Prognostic Scoring System,

460–461, 461, 462
WHO Classification-based Prognostic Scoring

System, 459–460, 460
subtypes, 440
therapy-related, 439, 443
treatment, 461–469, 468

allogeneic HSCT, 464–466, 465, 465
azacitidine, 467
chelation therapy, 463

haemopoietic growth factor, 462–463
HSCT, 672
hypomethylating drugs, 466
immunosuppression, 463
intensive chemotherapy, 464
lenalidomide, 466–467
response assessment, 468–469
supportive care, 462
therapeutic goals, 468

unclassified, 440, 441
myelofibrosis, 485–490
clinical features, 486–487

anaemia, 487
extramedullary haemopoiesis, 486
leukaemic transformation, 487
platelet abnormalities, 487
splenomegaly, 486, 486
systemic symptoms, 486
white cells, 487, 487

epidemiology, 486
investigations, 487–488

bone marrow, 487–488, 488, 488, 489
peripheral blood, 487, 487

pathophysiology, 486
polycythaemia vera, 477, 477
prognosis, 490
risk stratification, 490
transformation to, 483
treatment, 488–489

myeloma
HSCT, 672
osteosclerotic, 545–546
plasma cell see multiple myeloma

myeloma kidney, 547
myelomonocytic leukaemia, 337
myeloperoxidase deficiency, 259, 260
myeloproliferation, 324–325, 325
myeloproliferative disease, 474–499
clonal hypereosinophilic syndromes, 494–496
CNL, 329, 436, 496–497, 496, 497
erythrocytosis, 479–481

causes, 479
inherited/congenital, 479
secondary, 479–481

essential thrombocythaemia, 482–485
mastocytosis, 490–494
myelofibrosis, 485–490
neutrophilic CML, 497
polycythaemias, 474–481

apparent, 481
classification, 475
congenital, 95
polycythaemia vera, 319, 474–479

thrombotic risk, 817–818
transient abnormal myelopoiesis of Down syndrome,

319, 498
and von Willebrand disease, 731

MYH9 mutations, 765, 770
mylotarg see gemtuzumab ozogamicin
myoglobin, 21, 22

NADH-cytochrome b5 reductase, 130
NADPH oxidase, 250, 250
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dyskeratosis congenita, 162, 163
leukaemia patients, 416

NAMLAA, 261
Nanostring assay, 635
National Comprehensive Cancer Network (NCCN), 431,

432, 636
natural killer (NK) cells, 278–279, 291–292, 292

HLA receptors, 652
natural killer T cells, 292
natural selection, 329
nausea and vomiting, chemotherapy-induced, 414
NBEAL2 mutations, 770
NCIC Clinical Trials Group, 609
Ncx1, 5
Necator americanus, 867
Neisseria meningitidis, 120, 191

post-splenectomy sepsis, 309
nelarabine, T-PLL, 525
neonatal alloimmune thrombocytopenia (NAITP), 244,

882–883, 882
neonates, 870–884

anaemia, 870–878
blood loss, 877
causes, 873
CDA, 871, 873
congenital dyserythropoietic (CDA), 168–170, 169,

169, 170
definition and pathophysiology, 870–871
diagnosis, 872, 878
Diamond-Blackfan, 871–872, 873
genetic red cell aplasia, 871
haemoglobinopathies, 876–877, 877
increased red cell destruction, 873–874, 874
parvovirus B19, 871
Pearson syndrome, 872–873, 873
polycythaemia, 878, 878
of prematurity, 877–878
red cell enzymopathies, 875–876, 876
red cell membrane disorders, 874–875, 875
red cell transfusion, 878
reduced red cell production, 871

coagulation disorders
acquired, 881–882
inherited, 881

cyanosis, 95
cyanotic heart disease, 480
developmental haemopoiesis, 870, 871
developmental haemostasis, 880
erythrocytosis, 479
erythropoietic porphyria, 34, 35–36
folate deficiency, 68
folate metabolism disorders, 69
haemochromatosis, 45
haemoglobin, 871
HDFN, 239–244, 240–243, 243, 873–874, 874
intrauterine transfusion, 222, 223
iron reserves, 27
ITP, 782
jaundice
G6PD deficiency, 133
kernicterus, 118

leukaemia, 879–880, 880

methaemoglobinaemia, 97
methylmalonic acidaemia/aciduria, 64
neutropenia, 170–171, 171

severe congenital, 157, 170–171, 257–258
platelet function disorders, 761–772, 762
polycythaemia, 95
premature see premature infants
screening

bleeding disorders, 881
sickle cell disease, 108
thalassaemias, 95
thrombophilia, 883–884

stroke, 805
thrombocytopenia, 882–883, 882

alloimmune, 244
amegakaryocytic (CAMT), 157, 171, 172

thrombosis, 883
thrombotic disorders, 884
‘top-up’ transfusion, 226
transcobalamin deficiency/abnormality, 64
transient abnormal myelopoiesis of Down syndrome,

319, 498
TTP, 785
white cell disorders, 878–880

nerve growth factor (NGF), 298
nerve root compression, 549
NETosis, 747
netupitant, 414
neural tube defects, 56
neurobeachin-like 2 (NBEAL2), 714
neuroblastoma, 387
neurodegeneration with brain iron accumulation

(NIBIA), 45
neurofibromatosis type 1, 319, 326
neurological complications

amyloidosis, 569
cobalamin deficiency, 57
multiple myeloma, 549
polycythaemia vera, 476
sickle cell disease, 102–103, 104, 105
thrombocytopenia, 764
TTP, 786

neuropathic pain, 417
neutropenia, 157
alloimmune, 879
aplastic anaemia, 181
autoimmune, 258
causes, 257
chemotherapy-induced, 406
chronic

benign, 258
idiopathic, 258

cyclical, 170–171, 258
genetic subtypes, 171
HIV/AIDS, 852
infections

bacterial, fungal and protozoal, 848, 848
viral, 847

liver disease, 846
MDS, 454
neonates, 879–880
non-haematological malignancy, 841
pure white cell aplasia, 258

refractory, 440
severe congenital, 170–171, 257–258

characteristics, 157
neutrophils, 251–260, 252

development and function, 251–253, 252, 253
disorders of, 253–260, 257, 259
Chédiak-Higashi syndrome, 260
chronic granulomatous disease, 8–9, 260
functional, 259–260, 259
myeloperoxidase deficiency, 260
neutropenia see neutropenia
neutrophil specific granule deficiency, 260
neutrophilia, 253–256, 255, 256
Papillon-Lefevre syndrome, 260

ethnic variations, 855
extracellular traps (NETs), 747
granules, 254
hypersegmented, 256, 259, 260
life cycle, 253
morphology, 252, 255, 256

disorders of, 259–260, 259
pseudo-Pelger-Huët, 454

neutrophil alkaline phosphatase score, 338
CNL, 497

neutrophil specific granule deficiency, 259
neutrophilia, 253–256, 255, 256

causes, 257
CNL, 329, 436, 496–497, 496, 497
Down syndrome, 255
infections

bacterial, fungal and protozoal, 848, 848
viral, 847

infectious mononucleosis, 300
liver disease, 846
myelofibrosis, 487
non-haematological malignancy, 841, 841
tropical diseases, 868

neutrophilic CML, 497
neutrophilic dermatosis, 454
next generation sequencing (NGS), 314, 315, 316,

350
rare bleeding disorders, 737

NF-kappaB signalling pathway, 541
NF1, 319, 326, 453
NFE2, 14, 75
NFKBIA mutation, 602
NGF see nerve growth factor
nicotinic acid deficiency, 71
Niemann-Pick disease, 275, 276
nilotinib

childhood ALL, 389
clinical trials, 433
CML, 427–428, 429
resistant mutations, 436
toxicity, 428

dyslipidaemia, 428
hyperglycaemia, 428
pancreatitis, 427

nitrates, oxidative haemolysis, 153
nitric oxide, 250, 682, 699

synthesis, 682
vasodilatation, 99

nitric oxide synthase, 8, 250

920



Index

nitrites
methaemoglobinaemia, 153
oxidative haemolysis, 153

nitrofurantoin, G6PD deficiency, 135
nitrous oxide, and cobalamin metabolism, 64
nivolumab, Hodgkin lymphoma, 608
NKG2, 291
NOACs see non-vitamin-K antagonist oral

anticoagulants
Nocardia spp., 410
nocturia in sickle cell disease, 106
nodal marginal zone lymphoma (NMZL), 581, 581,

626
nodular lymphocyte-predominant Hodgkin lymphoma,

599–600, 601, 602
non-accidental bruising, 755
non-gastric MALT lymphoma, 625
non-HFE haemochromatosis, 41, 44–45
non-Hodgkin lymphoma

B-cell lymphoma, unclassifiable, intermediate
between DLBCL and Burkitt lymphoma, 644,
644

Burkitt lymphoma, 301–302, 321, 372, 577, 587–588,
588, 643–644

blood film, 333, 588
cytogenetics, 345, 632
HIV-positive patients, 646
immunohistochemistry, 341

central nervous system, 646–647
prophylaxis, 648

cutaneous T-cell, 531–535, 531
mycosis fungoides, 531–534, 532, 533, 533, 534
primary cutaneous CD30+ lymphoproliferative

disorders, 535
Sézary syndrome, 534–535

diffuse large B-cell lymphoma (DLBCL), 511, 577,
634–641

cytogenetics, 632
HIV-positive patients, 645–646
immunohistochemistry, 341
immunophenotype, 577
not otherwise specified, 584, 585, 585, 586
with predominant extranodal location, 586–587,

587
primary cutaneous, leg type, 586–587

double-hit/triple-hit lymphomas, 645
follicular lymphoma see follicular lymphoma
high-grade, 631–650

aetiology, 631–632
classification, 631, 632
diagnosis, 632–633
epidemiology, 631
molecular basis, 632, 632
prognostic factors, 633
staging, 633
treatment, 633–634, 648

HSCT, 672
immunohistochemistry, 341
intravascular large B-cell lymphoma, 586, 587,

642–643
leukaemic phase, 520–522
low-grade, 614–630

epidemiology, 614

histology and classification, 614
immunophenotype, 615

mantle cell, 345, 483–484, 501, 522, 522, 577,
583–584, 584, 628–629

peripheral T-cell, 526–531
anaplastic large-cell lymphoma, 345, 528–529, 529
angioimmunoblastic T-cell lymphoma, 527–528,

528
enteropathy-associated T-cell lymphoma, 529
hepatosplenic T-cell lymphoma, 529–530
not otherwise specified, 527, 527
treatment, 530–531

primary mediastinal (thymic) large B-cell (PMBL)
lymphoma, 586, 641–642

transformed lymphomas, 644–645
Waldenström’s macroglobulinaemia, 501, 504, 577,

578, 615, 626–628
and warm-type AIHA, 142
see also specific types

non-immune acquired haemolytic anaemia, 148–155,
148

chemical and physical agents, 153–154, 153, 153
lead poisoning, 154
oxidative haemolysis, 153–154
thermal injury, 154

infection-related, 148–150, 149
babesiosis, 149
bacterial infection, 150
blackwater fever, 149
C. perfringens, 149–150
haemophagocytic syndrome, 150
haemorrhagic fevers, 150
malaria, 148–149, 149
Oroya fever, 149
toxoplasmosis, 150

mechanical, 150–153, 150, 151
arteriovenous malformation, 151
cardiac surgery-associated, 150–151
March haemoglobinuria, 152–153
microangiopathic haemolytic anaemia, 150,

151–152, 152
TTP, 152, 152

non-neuropathic hereditary systemic amyloidosis, 573
non-secretory multiple myeloma, 545
non-steroidal anti-inflammatory drugs see NSAIDs
non-synonymous mutations, 315
non-transferrin-bound iron (NTBI), 30, 48, 84
non-transfusion-dependent thalassaemia (NTDT), 45,

51, 78, 93–94, 93
clinical and haematological changes, 93
definition, 93
molecular pathology, 93
treatment, 94

iron chelation therapy, 51, 94
non-vitamin-K antagonist oral anticoagulants (NOACs),

811, 823–827, 824, 825
anticoagulant effect, 826
drug interactions, 825
interruption of treatment, 826–827
management of bleeding, 827
venous thrombosis, 833
see also specific drugs

nonsense mutations, 315, 318

nonsense-mediated mRNA decay, 76
nonspecific esterase, 355
Noonan syndrome, 319, 472, 763
normochromic normocytic anaemia, 858
Notch, 7
NOTCH signalling, lymphoid malignancies, 321–322,

322
NOTCH1 mutation
ALL, 374
CLL, 502, 504, 505, 509

NPM1 mutation, AML, 364, 365, 365, 366
NPM1-ALK gene fusion, 345
NPM1-MLF1 gene fusion, 365
NRAS, 326, 327, 453
NSAIDs, sickle cell disease, 111
NTDT see non-transfusion-dependent thalassaemia
nuclear factor erythroid-derived 2 (NFE2), 12
nucleotide metabolism, 136, 136
nucleotide substitutions, 316, 317, 319
NUP98-NSD1, 365
nutrition in leukaemia patients, 414
nutritional anaemia, 71

obinutuzumab
CLL, 515, 515
follicular lymphoma, 623
hepatitis B reactivation, 512
Waldenström’s macroglobulinaemia, 627

ocular adnexal MALT lymphoma, 625
ocular complications
sickle cell disease, 106
thrombocytopenia, 764

oculo-facio-cardio dental syndrome, 453
oesophageal stricture, dyskeratosis congenita, 163
oestrogen receptor, 17
oestrogen-containing hormone preparations,

thrombosis prevention, 803
ofatumumab
CLL, 513, 514–515, 515, 517
follicular lymphoma, 623
hepatitis B reactivation, 512
Waldenström’s macroglobulinaemia, 627

ofloxacin, 407
Ok blood group system, 196
olanzapine, 414
older patients
ALL, 382
AML, 368
anaemia, 851
ATG, 185
CLL, 513, 514–515, 515
DLBCL, 639
haemophilia, 722
Hodgkin lymphoma, 612
multiple myeloma, 555–557, 556
senile purpura, 755

oligonucleotides, 348
omeprazole-warfarin interaction, 822
oncogenes, 318
oncogenesis, 314
onychodystrophy, 416
onycholysis, 416
opportunity hypothesis, 315, 329
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oprozomib, 559
opsonins, 248, 249
opsonization, 280, 284–285, 285
ORAI1 mutation, 714
oral contraception

thrombosis prevention, 803
and venous thrombosis, 811

organ damage, iron-induced, 46, 48
organomegaly, 352
orotic aciduria, 53
Oroya fever, 149
osmotic fragility test, 119, 119
osteoblasts, 7
osteolysis, 543
osteonecrosis of jaw, 547
osteoporosis

dyskeratosis congenita, 163
iron overload, 48

osteoprotegerin ligand (OPG-L), 543
osteosclerotic myeloma, 545–546
ovalocytosis, southeast Asian, 123–124, 124
overwhelming postsplenectomy infection (OPSI), 120
owl’s eye appearance, 603, 603
OX40, 296
oxidative haemolysis, 153–154, 153
oxidative stress, 131, 131, 132
5-oxoprolinuria, 136
oxygen-sensing system, 16
oxymethalone

aplastic anaemia, 185
dyskeratosis congenita, 165
Fanconi anaemia, 161
myelofibrosis, 489

P-glycoprotein (P-gp), AML, 365–366, 368
P-selectin, 247, 248, 682, 704
P-selectin glycoprotein ligand (PSGL)-1, 704
P1PK blood group system, 196, 207
P2X1 ATP receptor, 7–9
P2X1 mutation, 770
P2Y1 mutation, 770
P2Y1/P2Y12 ADP receptors, 707–708
P2Y12 mutation, 770
8p11 myeloproliferative syndrome, 325
P13K/AKT signalling pathway, 541, 541
p15INK4b, 390
p16INK4a, 390
p47, 250
p150,95, 247
p300, 75
PACE study, 434
pacritinib, 473
PAD (prednisolone, doxorubicin, dexamethasone)

regimen, 553
PAF, 262
pain

bone pain, 417, 543, 547
joint pain, 417
leukaemia patients, 417
neuropathic, 417

painful bruising syndrome, 756
PALB2, 160
palliative care, leukaemia, 417

pallidin, 116, 117
pamidronate, 547
PAMPs, 653
pancreatitis

asparaginase-induced, 380
cobalamin malabsorption, 63–64

pancytopenia, 156
childhood ALL, 386–387
infections, bacterial, fungal and protozoal, 848
with radioulnar synostosis, 472

panobinostat, 559, 560
Hodgkin lymphoma, 608

PANORAMA 2 trial, 560
pantothenic acid deficiency, 71
Papillon-Lefevre syndrome, 259, 260
Pappenheimer bodies, 29

MDS, 339, 454
PAR-1/PAR-2 thrombin receptors, 708
paracetamol

G6PD deficiency, 135
warfarin interaction, 822

Paracoccidioides brasiliensis, leukaemia patients,
404

paraprotein, 271
paraproteinaemia, 757–758
PARC, 271, 274
parietal cell antibodies, 62
Paris-Trousseau syndrome, 765

genes involved in, 770
paroxysmal cold haemoglobinuria, 140, 144, 145–146
Donath-Landsteiner antibody, 139, 140, 145

paroxysmal nocturnal haemoglobinuria, 174, 187–193
clinical features, 188–189

bone marrow failure, 188
haemolysis, 188
leukaemic transformation, 189
renal disease, 188–189
spontaneous remission, 189
thrombosis, 188, 190, 818–819

complement cascade, 285
epidemiology, 187–188
investigations, 189–190, 189
pathophysiology, 187

bone marrow failure, 187
glycosylphosphatidylinositol defect, 187

pregnancy, 192
prognosis, 192–193
treatment, 190–192

allogeneic HSCT, 190–191
complement blockade, 191
eculizumab, 191–192
supportive care, 190
thrombosis, 190, 190

parvovirus B19, 94, 102
neonatal anaemia, 871
pure red cell aplasia, 511
transfusion transmission, 216

passenger mutations, 316, 321
pathogen-associated molecular patterns see PAMPs
patient blood management (PBM), 235–236
Paul-Bunnell test, 301
Pautrier’s microabscesses, 532
Pbx1, 9

PCR see polymerase chain reaction
PD1, 296

angioimmunoblastic T-cell lymphoma, 528
antibody see nivolumab; pidilizumab

PDGFRA gene, 325, 470
clonal hypereosinophilia, 495
MDS, 441

PDGFRB gene, 325, 470
MDS, 441

PDGFRB receptor, 453
Pearson syndrome, 38, 157, 166, 872–873, 873
PECAM-1, 9, 247, 248
Pelger-Huët anomaly, 253, 255, 259, 336
Pemberton’s sign, 605
penicillin, 407

immune haemolytic anaemia, 146
Penicillium marneffei, leukaemia patients, 404
pentamidine, 377

African trypanosomiasis, 865
pentavalent antimonials, 867
pentose phosphate pathway, 129, 131–132, 131
pentostatin

CLL, 514
hairy cell leukaemia, 520
T-PLL, 525

pentraxins, 248
perforins, 290
perifosine, 560
peripheral blood stem cells (PBSCs), 655, 657–658

G-CSF-mobilized, 657
see also HSCs; stem cells

peripheral T-cell non-Hodgkin lymphoma, 526–531
anaplastic large-cell lymphoma, 528–529, 529
angioimmunoblastic T-cell lymphoma, 527–528,

528
enteropathy-associated T-cell lymphoma, 529
hepatosplenic T-cell lymphoma, 529–530
not otherwise specified, 527, 527, 594
treatment, 530–531

allogeneic transplantation, 530
autologous transplantation, 530
drug therapy, 530–531
induction therapy, 530

Perls’ stain, 22
bone marrow, 31
HFE haemochromatosis, 43
sideroblastic anaemia, 37

pernicious anaemia, 61–63
antibodies to gastric antigens, 62
diagnosis, 62
gastric biopsy, 62
hypogammaglobulinaemia, 62
incidence and aetiologgy, 61–62
juvenile, 62–63

peroxisome proliferator-activated receptor-γ
see PPAR-γ

PET
DLBCL, 641
Hodgkin lymphoma, 607

Deauville score, 611
multiple myeloma, 546

PETHEMA-94 trial, 553, 554
pH63D mutation, 41
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phagocytes, 246–269
basophils and mast cells, 263–265, 264

development and function, 263
disorders of, 264–265
granules, 263
morphology, 252

cell adhesion molecules, 247
degranulation and secretion, 249
eosinophils, 260–263

development and function, 260–262
disorders of, 262–263, 262
granules, 261
morphology, 252

killing, 249–251, 250
antimicrobial proteins, 250–251, 251
nitric oxide, 250

locomotion, 246, 248
monocytes and macrophages, 2, 30, 35, 265–269

disorders of, 266–269, 266–268
morphology, 252

neutrophils, 251–260, 252
development and function, 252–253, 252, 253
disorders of, 253–260, 257, 259
granules, 254
hypersegmented, 256, 259, 260
life cycle, 253, 253
morphology, 252, 255, 256, 259–260, 259

receptors, 248, 249
signalling, 248–249

phagocytosis, 30
pharmacogenetics of childhood ALL, 392
phenacetin, immune haemolytic anaemia, 146
phenazopyridine

G6PD deficiency, 135
oxidative haemolysis, 153

phenoxymethylpenicillin, 778
phenytoin-NOAC interaction, 825
Philadelphia chromosome, 255, 314, 342

ALL, 373
CML, 255, 314, 342, 419, 422

phimosis, dyskeratosis congenita, 163
phlebotomy, HFE haemochromatosis, 43–44
phosphatidylcholine, 115, 116
phosphatidylethanolamine, 18, 115, 116
phosphatidylinositol, 116
phosphatidylinositol glycan A (PIGA), 116
phosphatidylinositol-3-kinase, 516, 710
phosphatidylserine, 18–19, 115, 116, 248
phosphofructokinase deficiency, 128, 129
phosphoglycerate kinase deficiency, 129, 131
phospholipase A2, 261, 704
phospholipase C epsilon, 326
phospholipids, 115
physiological anticoagulants, 690–695

classification, 690–691
protein C pathway, 693–695
serine protease inhibitors and heparin, 691–693
tissue factor pathway inhibitor, 691

phytomenadione, 135
PI3 kinase, 326
PI3k/mTOR signalling pathway, 560
pidilizumab, follicular lymphoma, 623
PIP3, 282

piperacillin tazobactam, 407
placenta

haemopoiesis, 5
passage of immunoglobulins, 280, 281

plasma, fresh-frozen see fresh-frozen plasma
plasma cells, environmental interactions, 541–542, 541,

542
plasma cell dyscrasias

multiple myeloma, 545–546
systemic AL amyloidosis, 564, 567
see also specific conditions

plasma cell leukaemia, 545
plasma cell myeloma see multiple myeloma
plasma cell neoplasms, 578–580, 579
see also specific types

plasma exchange
cold-type AIHA, 145
TTP, 788

plasma non-transferrin-bound iron see
non-transferrin-bound iron

plasmablastic lymphoma, 576, 585, 587
classification, 576, 632
immunophenotype, 577

plasmablasts, 294
plasmacytoma, 579–580, 580

extramedullary, 545
solitary, of bone, 545
spinal cord compression, 549

plasmin, 271, 695
action on fibrin and fibrinogen, 696

plasmin inhibitors, 697–698
α2-antiplasmin, 271, 682, 687, 693, 697–698
lipoprotein A, 698
thrombin-activatable fibrinolysis inhibitor, 687, 688,

690, 698
plasminogen, 687, 688, 695, 700
activation, 681

plasminogen activators, 696–697
exogenous, 697
tPA, 681, 687, 688, 696
urokinase, 261, 684, 696–697

plasminogen activator inhibitor (PAI)-1, 682, 687, 697,
818

plasminogen activator inhibitor (PAI)-2, 697
Plasmodium falciparum malaria, 98, 148–149, 149,

854–855, 860
blood film, 857
clinical features, 856–857, 857, 858
resistance to, 212–213

Plasmodium knowlesimalaria, 855, 860
clinical features, 858

Plasmodium malariae malaria, 854–855, 860
clinical features, 857

Plasmodium ovale malaria, 854–855, 860
clinical features, 857–858

Plasmodium vivaxmalaria, 854–855, 860
clinical features, 857–858

platelets, 2, 699–714
adhesion, 701–702, 702, 710

disorders of, 706, 711, 765, 766–767
aggregation, 700, 702, 704, 710
disorders of, 704, 711, 713, 767–769, 768

animal models, 701

antibodies, transfusion reactions, 232
blood vessel wall interaction, 682–683
connective tissue disorders, 843
formation, 701
function, 700, 700
function testing, 711–712
granule contents, 700
HIV/AIDS, 852
hyposplenism, 313
infections

bacterial, fungal and protozoal, 849
viral, 847, 848

lifespan, 700
liver disease, 846
molecular basis of activation, 710–711

actin polymerization, 710
inhibitory agonists, 711
secretion, 710
TxA2 formation, 710

myelofibrosis, 487
non-haematological malignancy, 841–842, 841
pathogen inactivation, 219–220
pregnancy, 851
procoagulant response, 704–705
second messenger pathways, 709–710

calcium, 709
phosphatidylinositol 3-kinase, 710
protein kinase C, 709–710

signalling transduction disorders, 767
spreading, 703–704, 703
stimulatory receptors and signalling pathways,

705–709, 705
G-protein-coupled receptors, 707–708
tyrosine kinase-linked receptors, 705–707, 706
see also specific receptors/pathways

structure and organelles, 699–701, 700, 700
and thrombosis, 713
thrombus formation, 701–705

platelet aggregation, 704
platelet capture and adhesion, 701–702, 702
platelet granule secretion and TxA2 formation, 704
platelet spreading, 703–704, 703
procoagulant activity, 704–705
thrombus stabilization, 704

transfusion, 222–223, 238, 771, 829
acquired aplastic anaemia, 180
in additive solution, 223
massive blood loss, 755
MDS, 462
neonates, 883
preparation, 221
response and refractoriness, 238
RhD-positive, 244

platelet count
ethnic variations, 854
hairy cell leukaemia, 519
TAR, 171

platelet function disorders, 711, 713–714
congenital, 761–772, 762

classification, 762
genes involved in, 770
screening, 771
thrombocytopathies, 766–769
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platelet function disorders (Continued)
thrombocytopenias see thrombocytopenias
treatment, 769–771
vs. coagulation disorders, 762

genetics, 713–714
liver disease, 846
non-haematological malignancy, 842
renal failure, 753, 753
tropical diseases, 868
see also bleeding disorders

platelet phosphodiesterase, 711
platelet phospholipase A2, 767
platelet preparations, 402
platelet-activating factor (PAF), 249
platelet-derived growth factor (PDGF), 700
platelet-type von Willebrand disease, 731–732
PLAU duplication, 770
pleckstrin, 282
plerixafor, 656, 657
PMBL see primary mediastinal (thymic) large B-cell

lymphoma
PML-RARA fusion

AML, 365, 366
APL, 369

Pneumocystis jirovecii, 377, 649
CLL, 512
leukaemia patients, 404, 407
post-HSCT, 665, 668

POEMS syndrome, 545–546
poikilocytosis, 57, 58

MDS, 454
point of care testing, 237
poisoning

iron, 51
lead, 36
and sideroblastic anaemia, 39

polyagglutinable red cells, 212
polychromasia, 115, 141, 142, 239, 240
polyclonal B-cell lymphocytosis, 505, 505
polycythaemia, 474–481

apparent, 481
Chuvash, 481
classification, 475
congenital, 95
liver disease, 846
neonatal, 878, 878
non-haematological malignancy, 841
renal disease, 845

polycythaemia vera, 319, 474–479
blood film, 337
clinical features, 476–477
hypertension and gout, 476
leukaemic transformation, 476–477
myelofibrosis, 477, 477
neurological, 476
pruritus, 476
skin, 476
splenomegaly, 476
thrombosis, 476, 476

epidemiology, 476
investigations, 477, 477
pathophysiology, 475–476, 475
prognosis, 479

thrombotic risk, 817–818
transformation to, 483
treatment, 478–479

polymerase chain reaction (PCR), 347
real-time quantitative see real-time quantitative PCR

pomalidomide, 559
Pompe disease, 272, 276
ponatinib, CML, 430
porphobilinogen, 15, 29
porphobilinogen deaminase, 29

deficiency, 34
porphyrias, 29, 34, 35–36

see also individual types
porphyria cutanea tarda, 34, 36
porphyria variegata, 34
porphyrins, 29

see also individual porphyrins
portal hypertension, 308
portal vein thrombosis, 836
posaconazole, 181, 409

NOAC interaction, 825
positron emission tomography see PET
post-splenectomy sepsis, 309–310
post-thrombotic syndrome, 834
post-transfusion purpura, 233
post-transplant lymphoproliferative disease (PTLD),

301, 321, 647–648, 668–669
PPAR-γ, 252
pralatrexate, peripheral T-cell non-Hodgkin lymphoma,

530
prasugrel, 828
Prdm5, 9
pre-B cells, 287
pre-B-ALL, 372, 388
precursor cells, 4, 4
prednisolone

ALL, 377
amyloidosis, 571
clonal hypereosinophilia, 496
Diamond-Blackfan anaemia, 168
DLBCL, 637
follicular lymphoma, 619
GVHD prophylaxis, 661
mantle cell lymphoma, 628
mycosis fungoides, 534
peripheral T-cell non-Hodgkin lymphoma, 530
serum sickness, 184
toxicity, 397

prednisone
ITP, 779
multiple myeloma, 552, 555
TTP, 789

pregnancy
antiphospholipid syndrome, 747, 813–816
management, 816

CML, 434–435
essential thrombocythaemia, 485, 485
folate deficiency, 68, 70
haematological complications, 850–851, 850
haemostatic abnormalities, 753–754
HELLP syndrome, 781, 788, 851
ITP, 781–782, 781
megaloblastic anaemia, 54, 56

paroxysmal nocturnal haemoglobinuria, 192
sickle cell disease, 105–106
venous thrombosis, 804, 809–810, 810

preimplantation genetic diagnosis
haemophilia, 724–725
thalassaemias, 93–94

prekallikrein, 686, 688
premature infants

folate deficiency, 68, 70
jaundice, 114
red cell morphology, 871
‘top-up’ transfusion, 226

premature termination codons, 76
prenatal diagnosis

sickle cell disease, 108
thalassaemias, 93–94

pretransfusion group and screen, 225
priapism in sickle cell disease, 106
primaquine, 861

G6PD deficiency, 135
primary cutaneous CD30+ lymphoproliferative

disorders, 535, 593
primary cutaneous lymphoma

anaplastic large-cell, 535, 593
γδ T-cell, 593

primary effusion lymphoma, 587, 587
primary intestinal follicular lymphoma, 583, 583
primary lymphoid organs, 279
primary mediastinal B-cell lymphoma, 577
primary mediastinal (thymic) large B-cell lymphoma

(PMBL), 586, 641–642
genetic/molecular features, 641–642, 644
immunophenotype, 577
treatment and prognosis, 641

prion diseases, transfusion transmission, 216, 220
pro-B cells, 287
pro-B-ALL, 372
PROC mutation, 795, 799, 802
procainamide

immune haemolytic anaemia, 147
and warm-type AIHA, 142

procarbazine, Hodgkin lymphoma, 608
progenitor cells, 2, 2, 3
progressive multifocal leucoencephalopathy (PML),

514
proguanil, 861
prolymphocytes, CLL, 502, 503
ProMACE (prednisone, methotrexate, doxorubicin,

cyclophosphamide, etoposide, cytarabine,
bleomycin, vincristine, methotrexate) regimen,
642

pronormoblasts, 14
properdin, 285
Propionibacterium acnes, leukaemia patients,

405
PROS mutation, 795, 800, 802
prostacyclin, 682, 699
prostaglandin E2, 8
prostaglandin I2, 682
protease nexin 2, 693, 700
protease-activated receptors (PARs), 746, 818
proteasome inhibitors, 559–560
proteasomes, 281
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protein 4.1, 18, 116, 117
protein 4.2 see pallidin
protein C, 687, 688, 694
activated, 799

assays, 806
resistance, 807

assays, 806–807
deficiency, 799

neonates, 884
factor VIIIa inactivation, 722
heritable thrombophilia, 806
inhibitors, 695

protein C pathway, 693–695
activation, 681, 681, 818
EPCR, 681, 686, 688, 694–695
protein S, 687, 688, 695
thrombomodulin, 686, 688, 694

protein deficiency anaemia, 71
protein kinase C, 282, 709–710

activation, 767
protein S, 687, 688, 695

assays, 807
deficiency, 800

acquired, 760
neonates, 884

protein Z, 693
deficiency, 801

protein-Z-dependent inhibitor (PZI), 693, 801
proteinase-3, 251, 749
proteinuria, glomerular, in amyloidosis, 567
proteoglycan, 261
proteomics, 565, 567
Proteus spp., antibiotic resistance, 411
prothrombin, 686, 688, 690

deficiency, 734, 738
lupus anticoagulant-associated, 760
treatment, 735

prothrombin complex concentrates, 748
prothrombin time (PT), 678, 822
haemophilia, 717
heritable thrombophilia, 806
rare bleeding disorders, 734

prothrombinase, 690
prothrombinase complex, 799, 800
proto-oncogenes, 315
protoporphyrin, red cell, 31–32
protoporphyrin IX, 29
protoporphyrin oxidase deficiency, 34
protozoal infections, haematological complications,

848–849, 848
prourokinase, 687, 688
PRPF-40B mutation, 448
PRPF8 mutation, 448
pruritus

mastocytosis, 491
polycythaemia vera, 476

Prussian Blue reaction see Perls’ stain
PSC-833, AML, 365
pseudo-Gaucher cells, 420
pseudo-Pelger-Huët neutrophils, 454
pseudo-von Willebrand disease, 731–732, 768
Pseudomonas spp., antibiotic susceptibility,

407

Pseudomonas aeruginosa, 107, 257
antibiotic resistance, 411
leukaemia patients, 404, 408
line-associated, 408

pseudothrombocytopenia, 762
psychogenic purpura, 756
psychological support, leukaemia patients, 399–400
PTGIR receptor, 682
PTPN1, PMBL, 586
PTPN11, 319, 326, 327, 453, 472
PU.1, 13, 251, 453
pulmonary complications

amyloidosis, 569
dyskeratosis congenita, 163
post-HSCT, 668, 671
sickle cell disease, 102, 104, 105, 105
thrombocytopenia, 764

pulmonary embolism
diagnosis, 831, 832, 832
risk of death, 833
see also venous thrombosis

pulmonary hypertension, chronic thromboembolic,
834

pure red cell aplasia, 510–511
pure white cell aplasia, 258
purine synthesis, 55
purpura

post-transfusion, 233
psychogenic, 756
senile, 755
thrombotic thrombocytopenic see thrombotic

thrombocytopenic purpura (TTP)
purpura fulminans, 804
purpura simplex, 755
PUVA, mycosis fungoides, 533–534
pyoderma gangrenosum, 454
pyridoxine

antagonists, 39
sideroblastic anaemia, 39

pyrimethamine, 68–69, 859
pyrimidine synthesis, 55
pyrimidine-5′-nucleotidase, 130, 136

deficiency, 136
pyropoikilocytosis, hereditary (HPP), 121, 875
pyruvate kinase deficiency, 125–128, 127, 129, 876
clinical features, 127
laboratory diagnosis, 127, 127
management, 127–128

5q-syndrome, 342, 344, 444–446, 445
cytogenetics, 442
diagnostic findings, 441
relative frequency, 440

quantitative trait loci, 81
Quebec platelet disorder, 769
quinidine

immune haemolytic anaemia, 146
NOAC interaction, 825

quinine
G6PD deficiency, 135
immune haemolytic anaemia, 146
malaria, 861

quinolones, G6PD deficiency, 135

R-CHOP (rituximab, cyclophosphamide, doxorubicin,
vincristine, prednisolone) regimen

DLBCL, 341, 638
follicular lymphoma, 619, 620
mantle cell lymphoma, 629

R-CHVP (rituximab, cyclophosphamide, doxorubicin,
etoposide, prednisolone) regimen, 620

R-CVP (rituximab, cyclophosphamide, vincristine,
prednisolone) regimen, 620

R-MCP (rituximab, mitoxantrone, chlorambucil,
prednisolone) regimen, 620

raccoon eyes sign, 758
RAD21, 453
radiation recall, 416
radioimmunotherapy, follicular lymphoma, 621, 622
radiotherapy
cobalamin malabsorption, 64
Fanconi anaemia, 161
Hodgkin lymphoma, 608
whole-body, 647

radioulnar synostosis with pancytopenia, 472
radotinib, 426
RAF/MEK/MAPK signalling pathway, 541, 541
RAG genes, 287, 289, 319, 320
Rai-Binet staging, CLL, 508
RANK-L, 543
RANTES, 262, 298, 700
Rap1, 709–710
Raph blood group system, 196
Rapoport-Leubering shunt, 125, 129
rare bleeding disorders, 733–742
classification, 733–734
clinical symptoms, 733
global haemostasis tests, 737
laboratory diagnosis, 734, 737
molecular diagnosis, 737
treatment, 735–736, 737–738
worldwide distribution, 734
see also specific disorders

Ras protein superfamily, 327, 452–453
RAS signalling, 326–327, 326
RAS/MEK/ERK signalling pathway, 560
rasburicase
ALL, 375
Burkitt lymphoma, 643
G6PD deficiency, 135
tumour lysis syndrome, 415

Raynaud’s syndrome, 144
RBM8A mutations, 770
reactive thrombocytosis, 483, 484
real-time quantitative PCR, 348, 355
ALL, 373
AML, 366–367
BCR-ABL1 fusion gene, 347, 421, 425–426, 425

receptors
c-ErbA/thyroid hormone, 17
C3, 140–141, 142
Fc, 140
feline leukemia virus, 23, 29
glucocorticoid, 17
oestrogen, 17
phagocyte, 248, 249
retinoic acid, 17
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receptors (Continued)
thrombospondin, 248
transferrin see transferrin receptors
vitronectin, 247, 248

receptor tyrosine kinase, 324
receptor-mediated endocytosis, 29
recombinant factor VIII, 718–719
red cells, 2

antibodies, 197–198
clinical significance, 198–199
cold/warm, 197–198
IgM and IgG, 198
lectins, 198
monoclonal, 198
naturally occurring/immune, 197

antigen-antibody reaction detection, 199–202
adsorption and elution tests, 200
agglutination techniques, 199–200, 199
antibody screening/identification, 201–202
automated techniques, 201
blood grouping reagents, 201
ELISA, 200, 200
haemolysis, 200, 200
microcolumn tests, 200, 201
microplate systems, 201

antigens, 195–196
sensitization to, 228–229

aplasia, 167, 840
genetic, 871

autoantibodies, 139–140, 139
cold-acting, 139–140, 139
complement activation, 140
warm-acting, 139, 139

blood groups see blood group systems
destruction
extravascular, 230–231, 230
increased, 873–874, 874
intravascular, 229–230
see also haemolysis

distribution width, 57
enzymopathies, 875–876, 876
fetal, 870
folate, 69
formation, 12
frozen, 222
haemoglobin, 19, 22
hypochromic, 32
hyposplenism, 312–313, 313
immune destruction, 140–141
cell-mediated, 140–141
complement-mediated, 141

immunohaematology, 195–213
infections, viral, 847
isoimmunization, 239–244, 240–243, 243
Lewis antigens on, 206
liver disease, 846
membrane, 115–117, 116, 195–197, 197
disorders of see red cell membrane disorders
horizontal/vertical connections, 116
proteins of, 116–117, 117, 117

metabolic defects see red cell metabolism defects
nucleated, 840
pathogen inactivation, 219–220

polyagglutinable, 212
premature infants, 871
production, 16–17, 17
protoporphyrin, 31–32
pure red cell aplasia, 510–511
quality control, 305
senescence and clearance, 18–19
sickling, 98–99, 100
survival, 18

ACD, 839
teardrop, 487
transfusion, 222

acquired aplastic anaemia, 180
intrauterine neonatal, 222, 223
massive blood loss, 755
neonatal anaemia, 878
triggers for, 237–238

washed, 222
red cell membrane disorders, 118–124

acquired, 154–155
hereditary acanthocytosis, 154–155
liver disease, 154
vitamin E deficiency, 155

elliptocytosis, 120–122, 122
membrane lipids

abetalipoproteinaemia, 124
acanthocytosis, 124
McLeod phenotype, 124

neonates, 874–875, 875
southeast Asian ovalocytosis, 123–124, 124
spherocytosis, 118–120, 118, 119
stomatocytosis, 122–123, 123, 123

red cell metabolism defects, 124–125
Embden-Meyerhof pathway, 125–131, 125,

129–130
fructose diphosphate aldolase A deficiency, 128
glucose phosphate isomerase deficiency, 128
hexokinase deficiency, 128
phosphofructokinase deficiency, 128
phosphoglycerate kinase deficiency, 131
pyruvate kinase deficiency, 125–128, 127
Rapoport-Leubering shunt, 125
triose phosphate isomerase deficiency, 131

and erythrocytosis, 480
glucose-6-phosphate dehydrogenase deficiency, 129,

132–135, 134, 134, 135
chronic non-spherocytic haemolytic anaemia,

133–134
classification, 133
drug-induced acute haemolysis, 134, 135
favism, 133, 134
laboratory diagnosis, 134–135, 134
management, 135
neonatal jaundice, 133

glutathione, 135–136
nucleotide metabolism, 136, 136
oxidative stress, 131, 131, 132
pentose phosphate pathway, 129, 131–132, 131

reduced-intensity conditioning regimens, 661–662
GVHD prophylaxis, 662

Reed-Sternberg cells see Hodgkin and Reed Sternberg
(HRS) cells

reference ranges, ethnic variations, 854, 855

refractory anaemia, 439, 440
with excess blasts (RAEB), 439, 440
with excess blasts in transformation (RAEBt), 439
mutations, 450
relative frequency, 440
with ring sideroblasts (RARS), 38, 439, 440, 472
with thrombocytosis, 472

refractory cytopenia
of childhood, 441, 472
with multilineage dysplasia (RCMD), 440
mutations, 450
relative frequency, 440
with unilineage dysplasia (RCUD), 440, 441

refractory neutropenia, 440
refractory thrombocytopenia, 440
regulatory T cells see Tregs
renal complications

amyloidosis, 569
multiple myeloma, 547–548
paroxysmal nocturnal haemoglobinuria, 188–189

eculizumab in, 191
post-HSCT, 668, 671
sickle cell disease, 106
thrombocytopenia, 764
TTP, 786

renal disease
anaemia, 844–845
haematological complications, 844–845, 844
haemostatic abnormalities, 753, 753, 845
polycythaemia, 845

renal function tests, Hodgkin lymphoma, 605
reproductive support, leukaemia patients, 400
residual vein occlusion, 834
resistance proteins, AML, 365–366
RESORT trial, 619
resource-poor settings, ALL treatment, 397–398
respiratory burst, 249–251, 250, 251
respiratory infections, leukaemia patients, 405–407, 405,

409–410
reticular dysgenesis, 157
reticulin, hairy cell leukaemia, 520
reticulocytes, 118
haemoglobin content, 32

reticulocytopenia, 872
reticuloendothelial system, red cell destruction, 141
retinal vein thrombosis, 836
retinoblastoma

differential diagnosis, 387
mutations, 320

retinoic acid receptor, 17, 353
retinoic acid syndrome, 416
retroviruses, transfusion transmission, 216
Revesz syndrome, 164
Revised European–American Classification of

Lymphoid Neoplasms (REAL), 575
rhabdomyosarcoma, differential diagnosis, 387
RHAG blood group system, 196
rhesus (Rh) blood group system, 196, 207–210
antibodies, 209–210

D immunization and prophylaxis, 210
immune, 209–210
naturally occurring, 209

antigens, 207–208, 208
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band 3/Rh molecular macrocomplexes, 208–209
D, C/c and E/e polymorphism, 208
D variants, 209
fetal Rh genotype prediction, 210
genes and proteins, 208, 208
haemolytic disease of fetus and newborn (HDFN),

239–244, 240–243, 243
haemolytic transfusion reactions, 229
molecular genetics, 208, 208
probable genotype, 208

rheumatoid arthritis, and warm-type AIHA, 142
rhopheocytosis, 28
RIAM protein, 710
ribavirin, immune haemolytic anaemia, 146
ribosomal dysgenesis syndromes, 175
Richter syndrome, 506, 506, 511, 577
rifampicin

drug interactions
NOACs, 725
warfarin, 822

immune haemolytic anaemia, 146
right ventricular dysfunction, 833
RING domains, 453
ring sideroblasts, 38

myelodysplastic syndrome, 339
Risk Evaluation and Mitigation Strategy, 401
ristocetin, 704

platelet aggregation, 768
ristocetin-induced platelet aggregation (RIPA), 727
rituximab

ALL, 375
autoimmune cytopenia, 511
Burkitt lymphoma, 643
CLL, 513, 514–517
cold-type AIHA, 145
DLBCL, 638, 638

HIV-associated, 645
follicular lymphoma, 619, 620–622, 620
hairy cell leukaemia, 520
hepatitis B reactivation, 512
Hodgkin lymphoma, 602
ITP, 778, 779
mantle cell lymphoma, 522, 628, 629
PMBL, 642
TTP, 789
Waldenström’s macroglobulinaemia, 627
warm-type AIHA, 142, 143

rivaroxaban, 823, 824, 825–826
stopping before surgery, 825
venous thrombosis, 833

RNA interference, 446
RNA recognition motif (RRM), 450
Roger syndrome, 38
rolapitant, 414
Romanowsky stain, 29
romidepsin

mycosis fungoides, 534
peripheral T-cell non-Hodgkin lymphoma, 530

romiplostim
ITP, 778, 780
platelet function disorders, 402, 770–771

ROR1, CLL, 502, 504
RORA, 9

Rosai-Dorfman disease, 267, 268
RPS19 mutation, 872
Runlt1, 9
RUNX1 mutation, 5, 7, 12, 319

AML, 362, 365, 365
MDS, 450, 450, 452, 461

RUNX1-RUNX-1T1, 365, 366
RUNX3 mutation, 450
ruxolitinib

atypical CML, 436
CNL, 497
myelofibrosis, 489
polycythaemia vera, 478

St John’s wort, NOAC interaction, 825
saline-adenine-glucose-mannitol (SAGM), 220, 222
Salmonella spp., 102

anaemia, 848
transfusion transmission, 219

SAP scintigraphy, amyloidosis, 565, 568
sapacitibine, AML, 370
Sarcina spp., transfusion transmission, 216
Sca-1, 3, 4
Scedosporium spp., leukaemia patients, 404, 410
Schinzel-Gideon midface retraction syndrome, 453
Schistosoma spp., 32, 867
schistosomiasis, 867
Schulman-Upshaw syndrome, 770
Schwachman-Diamond-Oski syndrome, 258, 259, 472

childhood ALL, 384
Scianna blood group system, 196
SCL, 15, 75
childhood ALL, 390

sclerostin, 543
Scott syndrome, 705
screening

congenital platelet function disorders, 771
heritable thrombophilia, 807–808
neonatal

bleeding disorders, 881
sickle cell disease, 108
thalassaemias, 9
thrombophilia, 883–884

thalassaemias, 94–95
antenatal, 93–94
neonatal, 95
premarital/preconception, 93

scurvy, 71, 756
SDF1, 7, 298
sea blue histiocytes, 420
Sebastian syndrome, 765

genes involved in, 770
SEC23B mutation, 873
secondary lymphoid tissues, 279
secondary malignancies

solid organ, 612
myeloid, 612

selectins, 247, 248
E-selectin, 247, 248, 682
L-selectin, 247, 248
P-selectin, 247, 248, 682, 704

selinexor, 560
semaphorin 4D, 704

senile purpura, 755
sepsis, post-splenectomy, 309–310
serine protease inhibitors see serpins
serine-glycine interconversion, 55
Serious Hazards of Transfusion (SHOT) UK

Haemovigilance scheme, 228, 235, 236
SERPINC1 mutation, 795, 797, 802
serpins, 691–693
α2-antiplasmin, 271, 682, 687, 693
antithrombin (AT), 271, 680, 687, 688, 691–692
α1-antitrypsin, 261, 693
C1-esterase inhibitor, 693
heparin cofactor II, 687, 692
α2-macroglobulin, 693
protease nexin 2, 693
protein Z and protein-Z-dependent inhibitor, 693
see also antithrombin

Serratia spp.
antibiotic resistance, 411
antibiotic susceptibility, 407

serum amyloid A protein (SAA), amyloidosis, 562, 563,
563, 572

serum free light chains, 280
serum markers in CLL, 509–510
serum sickness, 184
SETBP1 mutations, 327, 436, 453
severe congenital neutropenia, 157, 170–171, 257–258
characteristics, 157

Sézary syndrome, 534–535, 592–593, 593
clinical features, 534
diagnosis, 534–535
morphology, 534
treatment, 535

SF1 mutation, 448
SF3A1 mutation, 448
SF3B1 mutation, 448, 450
CLL, 502, 504, 509

SFSF2 mutation, 450
shelterin complex, 164
Shiga-toxin mediated HUS see STEC-HUS
Shigella spp., anaemia, 848
Shigella dysenteriae, 790
short stature, dyskeratosis congenita, 163
Shulman syndrome, 262
Shwachman-Diamond syndrome, 164, 165–167, 166,

166
cell and molecular biology, 166, 166
characteristics, 157
clinical features, 165–166
treatment, 166–167

sialic acid, 116
sialidase, 254
sibling transplantation, 657–658
conditioning regimens, 660
donor choice, 671–673

sickle cell disease, 48, 98–113, 99
clinical features, 100–108

acute painful episodes, 102
anaemia, 101–102
bone complications, 104, 106
growth and developmental delay, 102
hepatobiliary complications, 105
infections, 102, 103
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sickle cell disease (Continued)
leg ulcers, 104, 107–108
neurological complications, 102–103, 104, 105
ocular complications, 106
pregnancy, 105–106
priapism, 106
pulmonary complications, 104, 105, 105
renal complications, 106
thrombosis, 819

with coexistent α-thalassaemia, 107
diagnosis, 108, 109
geographic distribution, 98, 99
HbS-thalassaemia, 86
neonatal screening, 108
pathophysiology, 98–100
effect on erythrocytes, 99, 100
haemolysis, 100
molecular basis of sickling, 98–99, 100
vaso-occlusion, 99, 101

peripheral blood findings, 108, 109
psychosocial issues, 112–113
treatment, 109–113
advances in, 111–112, 112
blood transfusion, 110–111, 226
gene therapy, 112
HSCT, 112, 112
hydroxycarbamide, 111
infections, 110
pain management, 111
routine healthcare, 109–110, 110

sickle cell trait, 98, 107
sickle cell/β-thalassaemia, 107
sickle cell/Hb Lepore disease, 107
sickle cell/HbD disease, 107
sickle cell/HbE disease, 108
sickle cell/HbO Arab disease, 108
sideroblastic anaemia, 29, 36–39, 37, 37, 48, 454

acquired, 38–39
autosomal, 38
differential diagnosis, 30
inherited, 36–37
and mitochondrial myopathy, 38
secondary, 39
treatment, 39
X-linked, 37–38

signalling pathways
erythropoiesis, 15–17, 16, 17
JAK-STAT, 16, 17, 17, 541, 541
Hodgkin lymphoma, 602
PMBL, 641

NOTCH, 321–322, 322
P13K/AKT, 541, 541
phagocytes, 248–249
PI3k/mTOR, 560
platelets, 705–709, 705
G-protein-coupled receptors, 707–708
tyrosine kinase-linked receptors, 705–707, 706

RAF/MEK/MAPK, 541, 541
RAS, 326–327, 326
RAS/MEK/ERK, 560
see also specific pathways

single nucleotide polymorphisms (SNPs), 316
array analysis, 348, 349, 349, 444

heritable thrombophilia, 801
MDS, 444

sinus histiocytosis, 292
SIRIUS trial, 559
Sjögren syndrome, 581

and warm-type AIHA, 142
skin lesions

GVHD, 664
leukaemia patients, 408, 410, 416–417

radiation recall, 416
mastocytosis, 491, 491
polycythaemia vera, 476
thrombocytopenia, 764
vitamin K antagonist-induced skin necrosis, 757, 804

skin pigmentation
dyskeratosis congenita, 162, 163
Fanconi anaemia, 156, 158

SLC11A2, 23
SLC11A3, 23, 41
SLC19A1 folate transporter, 66
SLC19A2 mutations, 38
SLC25A38 mutations, 38
sleeping sickness see African trypanosomiasis
SMADs, 26
SMAD4, 26
small lymphocytic lymphoma (SLL), 501, 506, 506
SMC1A mutation, 453
SMC3 mutation, 453
SmIgweak

B-cell chronic lymphoproliferative disorders, 501
CLL, 504

SMMHC-CBFB mutation, clonal hypereosinophilia, 495
smoking, and polycythaemia, 481
smouldering multiple myeloma, 540, 544
SNAP-23, 710
SNARE proteins, 710
SNPs see single nucleotide polymorphisms
social support, leukaemia patients, 400
SOCS1 mutation, PMBL, 586
sodium stibogluconate, 867
soft tissue complications in amyloidosis, 569
solid organ malignancies, 612
solid organ transplantation, 571
solitary plasmacytoma of bone, 545
soluble frizzled related proteins (sFRP-2/3), 543
somatic hypermutation, 286, 634
somatic mutations, 316, 316
southeast Asian ovalocytosis, 123–124, 124
SOX4, 9
SOX11, 584

mantle cell lymphoma, 628
spectral karyotyping, 344
spectrin, 116, 117, 197
spherocytes, 477
spherocytosis

C. perfringens, 149–150
hereditary, 118–120, 118, 119, 875, 875

clinical course and complications, 119–120
clinical features, 118
laboratory diagnosis, 118–119
management, 120
molecular pathology, 118
osmotic fragility test, 119, 119

protein abnormalities, 119
splenectomy, 120, 121

warm-type AIHA, 141, 142
sphingolipidoses, 270
sphingomyelin, 115, 116
sphinogosine 1-phosphate, 699
spina bifida, 56
spinal cord compression, 549
spleen, 2, 279, 303–313

blood flow, 304–305
blood pooling, 305
evolution, 303
extramedullary haemopoiesis, 306
hairy cell leukaemia, 520
hyposplenism, 312–313, 312, 313
imaging, 307, 308
immunological function, 305–306

antibody production, 294
red cells

destruction, 140
quality control, 305

red pulp, 304–305
size, 306

see also splenomegaly
splenic marginal zone lymphoma, 521–522
structure and function, 303–304, 304

splenectomy, 308–312, 310, 311
antibiotic prophylaxis, 311–312
B-PLL, 519
complications, 309–312

sepsis, 309–310
congenital dyserythropoietic anaemia, 170
Diamond-Blackfan anaemia, 168
hereditary spherocytosis, 120
indications, 120
infection

overwhelming postsplenectomy infection, 120
prevention/management, 121, 778

ITP, 778, 778
patient education, 311
platelet function disorders, 771
recurrence of symptoms, 312
risks, 120
splenic marginal zone lymphoma, 522
TTP, 789
vaccination, 310–311, 311
warm-type AIHA, 143
see also hyposplenism

splenic irradiation, 489
splenic marginal zone lymphoma, 521–522, 521,

577–578, 577, 579, 625–626
immunophenotype, 501, 577

splenic sequestration, 102, 103
splenic vein thrombosis, 837
splenomegaly, 306–308, 307, 308

causes, 309
haemoglobin disorders, 308
malaria, 306, 308
malignant disease, 308
portal hypertension, 308
primary splenic tumours, 308

essential thrombocythaemia, 482
hyper-reactive malarial (HMS), 858, 869
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myelofibrosis, 486, 486
polycythaemia vera, 476
T-PLL, 524

splenunculus, 308, 312
splice sites, 316
splice-site mutations in haemophilia, 724
splicoeosome mutations, 447–450, 448, 449, 450
SRSF2 mutation, 448, 450, 451
STAG2 mutation, 453
staging

Ann Arbor staging system, 605, 606, 606, 633
CLL, 508
follicular lymphoma, 617
Hodgkin lymphoma, 605, 606, 606, 606, 607

high-grade, 633, 644
International Staging System (ISS), 551
mycosis fungoides, 532–533, 533, 534
Rai-Binet staging, 508

Staphylococcus spp., 102
Staphylococcus aureus, 102, 107, 257

anaemia, 848
antibiotic resistance, 411
antibiotic susceptibility, 407
leukaemia patients, 404
line-associated, 408
methicillin-resistant see MRSA
multiple myeloma, 549

Staphylococcus epidermidis, transfusion transmission,
216

starry sky pattern, 588
STATs, 475
STAT3, 26
statins, 699

warfarin interaction, 822
STEAP3, 23, 28
STEC-HUS, 790–791

aetiology, 790
natural history, 790
pathology and pathogenesis, 790, 791
treatment, 790–791
see also haemolytic uraemic syndrome

stem cell factor (SCF) see c-kit
stem cells

embryonic, 9–10, 10
haemopoietic see HSCs
haploidentical, 187, 658
peripheral blood, 655
transplantation see HSCT
umbilical cord see cord blood transplantation

Stenotrophomonas maltophilia, leukaemia patients,
404

STIM study, 431, 434
STIM1 mutation, 714
stomatocytosis, hereditary, 122–123, 123, 123

laboratory investigations, 123
treatment, 123

storage pool deficiency syndromes, 768–769
Stormorken syndrome, 714
Streptococcus spp., 107
Streptococcus pneumoniae, 102, 120

antibiotic susceptibility, 407
leukaemia patients, 404, 405
multiple myeloma, 549

post-HSCT, 666
post-splenectomy sepsis, 309
vaccination, 311, 311

Streptococcus pyogenes
antibiotic susceptibility, 407
leukaemia patients, 404

streptokinase, 697, 833–834
stroke

neonatal, 805
sickle cell disease, 103, 104

stromal-cell-derived factor-1, 541
Strongyloides stercoralis, 649
subclonal mutations, 316
subcutaneous panniculitis-like T-cell lymphoma, 592,

592
immunophenotype, 589

substitutions (nucleotide substitutions), 316, 317, 319
succinate dehydrogenase, 21
sucralfate-warfarin interaction, 822
sulfadiazine, G6PD deficiency, 135
sulfasalazine

G6PD deficiency, 135
oxidative haemolysis, 153, 153, 153

sulfatase, 264
sulfinpyrazone-warfarin interaction, 822
sulfonamides, 861
superficial thrombophlebitis, 837
suramin, 865
Surveillance Epidemiology and End Results (SEER)

database, 614
Sweet syndrome, 454
Swiss cheese appearance, 168
switch recombination, 295
SWOG 9321 study, 553
synonymous mutations, 317
syntaxin-4, 710
syphilis, transfusion transmission, 219
systemic AL amyloidosis, 563–571

AL fibrils and monoclonal light chains, 564
clinical features, 564–565, 564
diagnosis, 565–568, 566

DNA analysis, 567
electron microscopy, 565
histology, 565, 567
immunohistochemistry, 565
mass spectrometry, 565, 567
SAP scintigraphy, 565, 568

differential diagnosis, 568
natural history, 568–569
organ involvement, 567–568, 569
plasma cell dyscrasia, 564, 567
treatment, 569–571

allogenic bone marrow transplantation, 571
autologous HCST, 569–570
bortezomib, cyclophosphamide and

dexamethasone, 570
cyclophosphamide, thalidomide and

dexamethasone, 570
lenalidomide, 570
melphalan and dexamethasone, 570
melphalan and prednisolone, 571
solid organ transplantation, 571
supportive, 571

systemic disease, haematological aspects, 838–853
ACD, 838–839, 839
connective tissue disorders, 843–844, 843
elderly patients, 851
endocrine disease, 845–846, 845
HIV/AIDS, 851–852, 851
infections, 847–850

bacterial, fungal and protozoal, 848–849, 848
haemophagocytic lymphohistiocytosis, 848,

849–850, 849
viral, 847–848, 847

liver disease, 846–847, 846
malignancy, 839–843

anaemia, 839, 839
coagulation, 842–843, 842, 843
haemolysis, 839–840
leucoerythroblastic anaemia, 840, 840
platelets, 841–842, 841
polycythaemia, 841
red cell aplasia, 840
white cells, 841, 841

pregnancy, 850–851, 850
renal disease, 844–845, 844

systemic lupus erythematosus (SLE), 818
neutropenia, 259

systemic mastocytosis, 329

T cells, 278
antigen-specific, 279–286, 674

generation of, 286–287, 287
depletion, 655
differentiation, 295, 295
HLA receptors, 652
ITP, 775–776, 775, 776
natural killer, 292
priming, 293, 294
production, 287–288
regulatory see Tregs
repertoire, 290–291, 290

T helper cells, 295, 295
T lymphocytes, 2
T zones, 293–294
T-cell acute lymphoblastic leukaemia 1 (TAL1), 12, 12,

14
cytochemistry, 339

T-cell help, 290
T-cell lymphoblastic leukaemia (T-ALL), 321
T-cell lymphomas
adult T-cell leukaemia/lymphoma, 590, 590,

648–649
anaplastic large-cell, 345, 528–529, 529

ALK+, 596–598, 596–598
ALK-, 598–599
primary cutaneous, 535, 593

angioimmunoblastic, 527-528, 528, 594-
enteropathy-associated, 529, 591, 591
extranodal NK/T-cell, nasal type, 590–591, 591,

649
hepatosplenic T-cell, 529–530, 591–592, 592
mycosis fungoides, 531–534, 532, 533, 533, 534,

592–593, 593
peripheral, 526–531

not otherwise specified, 594, 594
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T-cell lymphomas (Continued)
primary cutaneous
anaplastic large-cell lymphoma, 535, 593
γδ T-cell lymphoma, 593

Sézary syndrome, 534–535, 592–593, 593
subcutaneous panniculitis-like, 592, 592
T-cell/histiocyte-rich large B-cell, 586

T-cell lymphoproliferative disorders, 524–536
of childhood, 590, 590
chronic T-cell leukaemias, 524–526
large granular lymphocyte leukaemia, 525–526
T-cell prolymphocytic leukaemia, 524–525

cutaneous T-cell non-Hodgkin lymphoma, 531–535,
531

mycosis fungoides, 531–534, 532, 533, 533, 534,
592–593, 593

primary cutaneous CD30+ lymphoproliferative
disorders, 535, 593

Sézary syndrome, 534–535, 592–593, 593
peripheral T-cell non-Hodgkin lymphoma, 526–531
anaplastic large-cell lymphoma, 528–529, 529
angioimmunoblastic T-cell lymphoma, 527–528,

528
enteropathy-associated T-cell lymphoma, 529
hepatosplenic T-cell lymphoma, 529–530
not otherwise specified, 527, 527
treatment, 530–531

T-cell priming, 294
T-cell prolymphocytic leukaemia (T-PLL), 345,

524–525
clinical features, 524–525
diagnosis, 525, 525
immunophenotype, 589
treatment, 525

T-cell receptor excision DNA circles see TREC
T-cell receptor (TCR), 278, 283, 285

α-chain, 287
β-chain, 287
δ-chain, 287
γ-chain, 287
gene rearrangements and phenotypic changes, 289,

290, 290
T-cell-dependent B-cell activation, 293, 294
T-large granular lymphocyte

leukaemia/lymphoproliferative disorder (T-LGL),
174

T-lineage ALL, 372
genetic abnormalities, 390

T-PLL see T-cell prolymphocytic leukaemia
tacrolimus

GVHD prophylaxis, 662
NOAC interaction, 825

TAD (thalidomide, doxorubicin, dexamethasone)
regimen, 553

TALENs, 9
Taliglucerase®, 275
tamoxifen, and venous thrombosis, 812
TAP transporter, 281, 284
TAR see thrombocytopenia with absent radii
target cells, 477
targeted therapy in ALL, 381
tartrate-resistant acid phosphatase (TRAP), 271, 520
TATA box, 74, 76

TBI see total body irradiation
TCF3-PBX1, 348, 384

childhood ALL, 385, 389
TCL1 mutation, 345
TCR, T-cell neoplasms, 589
TD (thalidomide, dexamethasone) regimen, 553
teardrop red cells, 487
teenagers and young adults, ALL, 381–382, 396
teicoplanin, 407
TEL, 12
TEL-AML1 see ETV6-RUNX1 gene fusion
telomerase, 163, 164
telomeres

dyskeratosis congenita, 163, 164
short, 179

temsirolimus, 560
mantle cell lymphoma, 629

terminal deoxynucleotidyltransferase (TdT), 388
TET dioxygenases, 323
TET2 mutation

MDS, 442, 444, 450, 451
polycythaemia vera, 476

TFR2, 41
β-TG, 298
TGFβ, 7, 295, 296, 543, 700, 838
Th1 cells, 295, 295
Th2 cells, 295, 295
Th17 cells, 295, 295
thalassaemia intermedia see non-transfusion-dependent

thalassaemia (NTDT)
thalassaemia major see β-thalassaemia
thalassaemia trait, 30
thalassaemias, 29

α-thalassaemias, 81, 89–94
distribution, 89
genotype-phenotype relationship, 91–92, 91
Hb Bart’s hydrops fetalis syndrome, 91, 91, 92
HbH disease, 90, 92
with mental retardation syndromes, 92–93
molecular pathology, 89–90, 90
with myelodysplasia, 93
pathophysiology, 90–91
with sickle cell disease, 107
trait, 92
unusual causes, 90

β-thalassaemias, 78–87
clinical findings, 82
deletions restricted to β-globin gene, 79, 80
distribution, 78
genotype-phenotype relationships, 81–82, 81
haemoglobin variants, 86
heterozygous, 85–86
laboratory diagnosis, 82, 82
management, 83–85
molecular pathology, 78
mutations affecting post-translational stability, 79,

79
pathophysiology, 80–81, 81
processing, 78–79
prognosis, 85
sickle cell/β/thalassaemia, 107
transcription, 78
translation, 79

unusual causes, 79–80
variant forms, 86–87

definition and classification, 77–78, 77
δβ-thalassaemia, 87–88, 88, 89
εγδβ-thalassaemia, 89
non-transfusion-dependent, 45, 51, 78, 93–94, 93
screening, 94–95

antenatal, 93–94
neonatal, 95
premarital/preconception, 93

transfusion-dependent, 45
thalidomide

amyloidosis, 570
multiple myeloma, 553, 554, 554, 555, 556, 558
myelofibrosis, 489
side-effects, 557–558

venous thrombosis, 812
thermal injury in haemolytic anaemia, 153
thioguanine

AML, 360
childhood ALL, 393

thiopurine S-methyltransferase (TPMT) gene, 392
throbocythaemia, essential, 482–485
thrombectomy, 836
thrombin, 271

cytokine-like activity, 818
destruction, 798–799
generation

dissemination, 746
in vivo, 745–746

inhibition, 680, 821
protein C pathway activation, 681, 681

thrombin generation assays, 744
thrombin receptors (PAR-1/PAR-2), 708
thrombin time (TT), 678

haemophilia, 717
rare bleeding disorders, 734

thrombin-activatable fibrinolysis inhibitor (TAFI), 687,
688, 690, 698, 715, 752

thrombocythaemia, essential, 482–485
clinical features, 482–483

haemorrhagic complications, 482
leukaemic transformation, 483
splenomegaly/hyposplenism, 482
thrombosis, 482
transformation to myelofibrosis/polycythaemia

vera, 483
epidemiology, 482
investigations, 483, 483, 484
pathophysiology, 482
pregnancy, 485, 485
prognosis, 485
reactive thrombocytosis, 483, 484
treatment, 484–485

high-risk patients, 484–485
intermediate-risk patients, 485
low-risk patients, 485

thrombocytopathies, 766–769
platelet adhesion disorders, 706, 711, 765, 766–767
platelet aggregation disorders, 704, 711, 713, 767–769,

768
platelet signalling transduction disorders, 767
see also specific conditions
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thrombocytopenia, 157, 762–765
with absent radii (TAR), 157, 171, 764

characteristics, 157
ALL, 371
alloimmune, 763

neonatal (NAITP), 244, 882–883, 882
amegakaryocytic, 472
autoimmune neonatal, 883
congenital amegakaryocytic (CAMT), 157, 171,

172
characteristics, 157

genes involved in, 770
gestational, 781–782, 781
heparin-induced, 812–813, 821
HIV/AIDS, 852
immune, 142, 773–782

children, 780
clinical features, 773
diagnosis, 776–777, 776, 777
differential diagnosis, 386
H. pylori in, 775
management, 777–779, 778

TPO receptor agonists, 779–780
multifactorial nature, 774–775
natural history, 776
pathophysiology, 774
pregnancy, 781–782, 781
refractory, 779
T cell involvement, 775–776, 775, 776
terminology, 773–774, 774, 774
TPO in, 775–776

immune (ITP), 142
infections, viral, 847, 848
infectious mononucleosis, 300
inherited, 763–765, 764

with increased platelet size, 764–765
with normal platelet size, 763–764
with reduced platelet size, 763

in leukaemia, 401–403
G-CSF, 402–403
granulocyte transfusions, 402
platelet preparations, 402
TPO receptor agonists, 402

liver disease, 846
in MDS, 462
multiple myeloma, 548
neonatal, 882–883, 882
non-haematological malignancy, 841–842, 841
non-inherited congenital, 762–763

alloimmune thrombocytopenia, 763
bone marrow infiltration, 763
drug/chemical-induced, 762–763
infection, 763

refractory, 440
tropical diseases, 868

thrombocytosis
infections

bacterial, fungal and protozoal, 849
viral, 847

liver disease, 846
non-haematological malignancy, 842
post-splenectomy, 309
reactive, 483

refractory anaemia with ring sideroblasts, 472
tropical diseases, 868

thromboelastometry, 743–744, 744, 753
thrombolytic therapy, 697, 833–834
thrombomodulin, 686, 688, 694, 699, 792, 818
thrombophilia, heritable, 795–808

and arterial thrombosis, 804–805
case finding, 803
counselling and genetic testing, 807–808
laboratory testing, 805–807

antithrombin assays, 806, 806
F2G20210A, 807
FVR506Q and APC resistance, 807
global thrombophilia tests, 807
preanalytical variables, 805–806
protein C assays, 806–807
protein S assays, 807

neonatal stroke, 805
oestrogen-containing hormone preparations, 803
pregnancy, 804
purpura fulminans, 804
screening in neonates, 883–884
and venous thrombosis, 795–803, 796, 796
antithrombin deficiency, 797–799, 798, 799
F2G20210A, 800–801
FVR506Q, 800
GWAS, 801
protein C deficiency, 799
protein S deficiency, 800
treatment, 802–803

vitamin K antagonist-induced skin necrosis, 804
thrombophlebitis, superficial, 837
thrombopoietin (TPO), 8, 701

receptor agonists, 402, 779–780
see also eltrombopag; romiplostim

thrombocytopenias
ITP, 775–776
TAR, 171

thrombosis
arterial, 804–805
eculizumab in, 191
essential thrombocythaemia, 482
neonates, 883
paroxysmal nocturnal haemoglobinuria, 188, 190, 190
platelets in, 713
polycythaemia vera, 476, 476
venous see venous thrombosis

thrombospondin, 99, 101, 247, 682–683, 700
receptor, 248

thrombotic thrombocytopenic purpura (TTP), 152, 152,
706, 726, 783–790

clinical history, 783–785, 784, 784
clinical and laboratory findings, 786–787, 786
conditions associated with, 784
differential diagnosis, 787–788, 787

with HUS, 787–788
with other thrombotic microangiopathies, 788

natural history, 788
pathology and pathogenesis, 784, 785–786

acquired TTP, 785–786
congenital TTP, 785

treatment, 788–790, 789
see also haemolytic uraemic syndrome

thromboxane A2 (TxA2), 699, 767
formation, 704, 710

thromboxane A2 (TxA2) receptor, 708
defect, 768, 770

thrombus formation, 701–705
platelet aggregation, 704
platelet capture and adhesion, 701–702, 702
platelet granule secretion and TxA2 formation, 704
platelet spreading, 703–704, 703
procoagulant activity, 704–705
thrombus stabilization, 704
see also haemostasis; platelets

THTR-1, 38
Thy-1, 3
thymic (cortical) T-ALL, 372
thymic epithelial cells, 288
thymidine monophosphate (dTMP), 55
thymocytes, 278, 288
thymus, 4, 278, 279, 288
thymus-independent type 2 antigens, 290
ticagrelor, 828
TIDEL-II study, 430
Tie2/angiopoietin, 7
tirofiban, 828–829
tissue factor, 678, 678, 684, 686, 688
tissue factor pathway inhibitor (TFPI), 680, 680, 687,

688, 691, 700, 800, 801
tissue plasminogen activator (tPA), 681, 687, 688, 696
recombinant, 833–834

TMPRSS gene, 24, 26–27
TNF see tumour necrosis factor
TNF-related apoptosis-inducing ligand see TRAIL
TNFAIP3 mutation, 602
DLBCL, 636
PMBL, 641

TNFRSF14 mutation, follicular lymphoma, 616
toluidine blue, G6PD deficiency, 135
total body irradiation (TBI), conditioning for HSCT,

659–660, 661–662
total iron binding capacity see iron binding capacity,

total
total skin electron beam irradiation (TSEBI), 534
tower skull, 83
toxic granulation, 253, 256
Toxoplasma spp., 145
post-HSCT infection, 668
T. gondii, leukaemia patients, 407, 410

toxoplasmosis, 150
TP53 mutation
AML, 364, 365
Burkitt lymphoma, 643
CLL, 502, 504, 509
MDS, 450, 452, 461

TP53 transcription factor, 453
TP63 mutation, 385
tPA see tissue plasminogen activator
TPO see thrombopoietin
TRAIL, 443
TRALI see transfusion-related acute lung injury
TRANCE, 543
tranexamic acid
haemophilia, 720
platelet function disorders, 769
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transaminases, 271
transcobalamin II, 271

Gaucher disease, 274
transcobalamins, 60, 60

deficiency/abnormality, 64
transcranial Doppler, sickle cell disease, 103
transcription factors, 12–13, 12

expression during terminal maturation, 13–14
transferrin, 21, 22–25, 22, 23–24

deficiency, 35
saturation, hypochromic anaemia, 30

transferrin receptors, 22, 23, 28
regulation, 27
serum, 31
hypochromic anaemia, 30

see also CD71
transferrin saturation, ACD, 839
transformed lymphomas, 644–645

follicular, 623–624
transforming growth factor-β see TGFβ
transfusion reactions, 228
Transfusion Requirements in Critical Care (TRICC)

study, 237
transfusion-associated circulatory overload (TACO),

233, 234, 235
transfusion-associated GVHD, 180, 232–233
transfusion-dependent thalassaemia (TDT), 45
transfusion-related acute lung injury (TRALI), 232, 233
transfusion-transmitted infection (TTI), 215–220, 216,

217, 234
bacterial contamination of blood components, 234
bacterial infection, 216, 219–220
Chagas disease, 216, 219
cytomegalovirus, 216, 218–219
Dengue fever, 216, 219
hepatitis B, 216, 217–218, 217
hepatitis C, 216, 217–218, 217
HIV, 218
HTLV, 217, 218
malaria, 216, 219
microbial testing, 217
prion diseases, 216, 220
protective measures, 217
syphilis, 219
West Nile virus, 216, 219

transient abnormal myelopoiesis of Down syndrome,
319, 498

transitions (mutations), 316, 320
transjugular intrahepatic portal systemic shunt (TIPSS),

837
transmembrane protein-16F (TMEM-16F), 705
transplantation

bone marrow
amyloidosis, 571
CNL, 497
infection prophylaxis, 413, 413
sideroblastic anaemia, 39

cord blood, 8, 187, 653, 655, 658, 672
conditioning regimens, 661

liver, 752, 846–847
stem cell see HSCT

transthyretin (ATTR), 562
amyloidosis, 563, 572–573

transversion (mutation), 316
trauma, haemostatic abnormalities, 754–755
TREC, 655
β-trefoil cytokine family, 298
Tregs, 295–296
treosulfan, myeloablative conditioning regimens, 660
trephine biopsy, bone marrow, 336–337, 338
Treponema pallidum, transfusion transmission, 216
tricarboxylic acid (Krebs) cycle, 323, 324
trimethoprim, 68–69

malaria, 861
triose phosphate isomerase deficiency, 129, 131, 876
trisomy 3, 522
trisomy 8, 442, 443
trisomy 12, CLL, 505, 509
tropical diseases, haematological aspects, 854–869

African trypanosomiasis (sleeping sickness), 863–865
American trypanosomiasis (Chagas disease), 865–867
ethnic variations in reference ranges, 854, 855
filariasis, 861–863
hookworm infection, 867
leishmaniasis, 865–867
malaria see malaria
non-specific, 868–869

anaemia, 868
hypersplenism, 868–869, 869
platelet abnormalities, 868
white cell abnormalities, 868

schistosomiasis, 867
viral haemorrhagic fevers, 867–868

tropical sprue, cobalamin malabsorption, 63
Trypanosoma brucei gambiense, 863
Trypanosoma brucei rhodesiense, 863
Trypanosoma cruzi, 865
trypanosomiasis

African (sleeping sickness), 863–865
American (Chagas disease), 865–867

tryptase, 264
tsetse fly, 864
TTI see transfusion-transmitted infection
TTP see thrombotic thrombocytopenic purpura
tuberculosis, systemic, 818
tumour lysis syndrome, 415, 643
tumour necrosis factor (TNF), 298, 682, 746, 838
tumour necrosis factor-α (TNF-α), 271, 298, 443, 541,

543
tumour necrosis factor-β (TNF-β), 298
Turner syndrome, haemophilia, 724
TVAD (thalidomide, vincristine, doxorubicin,

dexamethasone) regimen, 553
twin studies in childhood ALL, 385
twin-to-twin transfusion, 877
TWISTER study, 431, 434
TxA2 see thromboxane A2

TXBA2 mutation, 770
typhlitis, 410
tyrosine kinases, 249, 324–325, 325

BCR-ABL1, 424
tyrosine kinase domain, 364
tyrosine kinase inhibitors, 370, 381

bosutinib
childhood ALL, 389
CML, 429–430

dasatinib
childhood ALL, 389
CML, 428–429

imatinib, 343, 389
ALL, 381
CML, 425, 426–427, 427, 428
dose, 427
resistance, 426
toxicity, 417, 427

nilotinib
childhood ALL, 389
CML, 427–428, 429

ponatinib, 430
radotinib, 426

tyrosine kinase-linked receptors, 705–707
GPIb-IX-V, 705–706
GPVI and integrin α2β1, 706–707
integrin αIIbβ3, 707

U2AF1 mutation, 449–450, 450
U2AF35 mutation, 448
U2AF65 mutation, 448
ubiquitination, 16, 451, 453
UK

Blood Safety and Quality Regulations (2005), 214,
235

Serious Hazards of Transfusion (SHOT) scheme, 228,
235, 236

UKALL trials, 382, 390, 391
ulcerative colitis, and warm-type AIHA, 142
Ulex europaeus lectins, 198
umbilical cord blood cell transplantation see cord blood

transplantation
unfractionated heparin, 692, 820, 821
uniparental disomy (uPD), 316, 318, 444
universal donors, 204
unrelated donor transplantation, 657–658

conditioning regimens, 660
unstable haemoglobin disorders, 95–96, 95

clinical features, 95–96
laboratory diagnosis, 96
molecular pathology/pathogenesis, 95
treatment, 96

untranslated region (UTR), 316
upper limb DVT, 836
urethral stricture, dyskeratosis congenita, 163
urinary plasminogen activator see urokinase
urine

haemoglobin, 115
haemosiderin, 115
iron, 48

urokinase, 261, 684, 696–697
uroporphyrinogen cosynthase, 29

deficiency, 34
uroporphyrinogen decarboxylase deficiency,

34
urticaria pigmentosa, 491, 491, 494
US-Intergroup trial, 554

V617F mutation, 475, 478
vaccination

bone marrow transplant patients, 413
post-splenectomy, 310–311, 311
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VACOP B (etoposide, doxorubicin, cyclophosphamide,
vincristine, prednisolone, bleomycin) regimen

DLBCL, 637
PMBL, 642

VAD (vincristine, doxorubicin, dexamethasone)
regimen, 552–553

valganciclovir, 666
vancomycin, 407

resistance, 411
VANTAGE 088 trial, 560
varicella zoster

leukaemia patients, 410
post-HSCT, 666

vascular access devices, infection associated with see
line-associated infections

vascular cell adhesion molecule-1 see VCAM-1
vascular endothelial growth factor see VEGF
vascular smooth muscle cells see VSMCs
vasculitis, 756
vaso-occlusion in sickle cell disease, 99, 101,

102
VCA, 300
VCAM, 682
VCAM-1, 99, 101, 247, 248, 541
VE-cadherin, 4, 9
VEGF, 8, 9, 541, 543

plate granules, 700
Vel blood group system, 196

haemolytic transfusion reactions, 229
vemurafenib, 520
vena caval filters, 833, 835–836
venesection, polycythaemia vera, 478
venous stasis, 810
venous thrombosis, 795–803, 796, 796

acquired, 809–819
antiphospholipid syndrome, 813–816
cancer-related, 816–817, 817
epidemiology, 809
iatrogenic, 811–813
immobility, 810
inflammation, 818, 818
myeloproliferative disease, 817–818
non-malignant diseases of blood and bone marrow,

818–819
pregnancy, 809–810, 810

causes
antithrombin deficiency, 797–799, 798, 799
oestrogen-containing hormone preparations,

803
protein C deficiency, 799
protein S deficiency, 800

cumulative recurrence, 796
diagnosis, 830–831

algorithms for, 831, 831, 832
isolated calf DVT, 830–831

F2G20210A, 800–801
FVR506Q, 800
GWAS, 801
long-term complications, 834

chronic thromboembolic pulmonary hypertension,
834

post-thrombotic syndrome, 834
pregnancy-associated, 804

prophylaxis, 820–829
pulmonary embolism

diagnosis, 831, 832, 832
risk of death, 833

recurrence risk, 834–835
superficial thrombophlebitis, 837
treatment, 802–803, 830–837

anticoagulant therapy, 832–833
duration of, 834–835, 835
thrombectomy, 836
thrombolytic therapy, 833–834
vena caval filters, 835–836

unusual sites
cerebral vein thrombosis, 836
hepatic vein thrombosis, 836–837
mesenteric vein thrombosis, 837
portal vein thrombosis, 836
retinal vein thrombosis, 836
splenic vein thrombosis, 837
upper limb, 836

VEPEMB (vinblastine, cyclophosphamide,
procarbazine, etoposide, mitoxantrone, bleomycin)
regimen, 612

verapamil-NOAC interaction, 825
verocytotoxin, 790, 791
very late-acting antigens, 247
Vibrio vulnificus, 44
Vicia graminea, 198, 210
vinblastine, Hodgkin lymphoma, 608
vinca alkaloids

childhood ALL, 393, 394
see also individual drugs

vincristine
ALL, 377, 379

childhood, 394
DLBCL, 637
eosinophilia, 263
follicular lymphoma, 619
Hodgkin lymphoma, 608
ITP, 778
mantle cell lymphoma, 629
multiple myeloma, 548, 552–553, 553, 556
mycosis fungoides, 534
peripheral T-cell non-Hodgkin lymphoma,

530
TTP, 789
warm-type AIHA, 142, 144

vindesine, DLBCL, 637
viral haemorrhagic fevers, 150, 867–868

Dengue fever, 150, 867
transfusion transmission, 216, 219

Ebola virus, 868
lassa fever, 868
Marburg virus, 868
yellow fever, 150, 867–868

viral infections
haematological complications, 847–848, 847
and warm-type AIHA, 143
see also specific viruses

Virchow’s triad, 809
visual toxicity, 417
vitamin B12 see cobalamin
vitamin E deficiency, 155

vitamin K
G6PD deficiency, 135
and haemostatic abnormalities, 749–750
metabolism, 749, 749

vitamin K antagonists, 821–822
bridging therapy, 823
dose, 822
drug interactions, 822
toxicity, skin necrosis, 804

vitamin K deficiency
bleeding (VKDB), 749–750, 750, 881–882
neonates, 881–882

vitamin K epoxide reductase (VKOR), 749
vitamin K-dependent clotting factor deficiency, 734, 741
treatment, 736

vitronectin, 247, 248
vitronectin receptor, 247, 248
VKORC1 mutation, 734, 737
VLA antigens, 247
VLA4, 656
von Hippel Lindau gene, 481
von Hippel Lindau protein, 16, 16
von Willebrand disease, 711, 725–732, 725
acquired, 731, 732
classification, 729
clinical course and complications, 731
clinical features, 726
laboratory diagnosis, 727–730, 728
preliminary diagnosis, 727
problems in, 730
secondary tests, 727–730, 728

molecular genetics, 731
neonates, 881
pseudo-von Willebrand disease, 731–732, 768
treatment, 730
type 1, 730, 731
type 2, 731
type 2B, 765
type 3, 731

von Willebrand factor, 682, 683–684, 685, 686, 688, 700,
706, 722, 725–726

collagen-binding function, 727
concentrate, 730
inhibitors, 843
malaria, 858–859
platelet-dependent function, 727
Weibel-Palade bodies, 248, 682, 684, 706, 726

vonWillebrand factor cleaving protease see ADAMTS13
voriconazole, 409
NOAC interaction, 825

vorinostat
GVHD, 674
mycosis fungoides, 534

vosaroxin, AML, 370
VPRIV®, 275
VSMCs, 7

Waldenström’s macroglobulinaemia, 504, 578, 626–628
immunophenotype, 501, 577, 615
risk stratification, 626
treatment, 627–628

guidelines, 628
HSCT, 627–628
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warfarin, 821–823
bridging therapy, 823
dose, 822
drug interactions, 822
and malaria cheomprophylaxis, 861
skin necrosis, 757
venous thrombosis, 833

warm antibodies, 197–198
warm antibody AIHA, 839–840
warm-type AIHA, 138, 139–140, 139

association with other autoimmune diseases,
142

carcinoma-related, 143
clinical features, 141, 142
drug-related, 142–143
Evans syndrome, 142
idiopathic, 142
lymphoproliferative disease, 142
management, 143–144
first-line treatment, 143
second-line treatment, 143
supportive therapy, 143
third-line treatment, 144

prognosis, 144
viral infections, 143

WAS mutations, 770
washed red cells, 222
Weibel-Palade bodies, 248, 682, 684, 706,

726
Wells clinical score for DVT, 831
Wells disease, 262
West Nile virus, transfusion transmission, 216,

219
WHIM syndrome, 259
white cells

antibodies, transfusion reactions, 232
aplasia, 258
connective tissue disorders, 843
HIV/AIDS, 852
hyposplenism, 313

infections
bacterial, fungal and protozoal, 848–849, 848
viral, 847

liver disease, 846
myelofibrosis, 487, 487
neonatal disorders, 878–880
non-haematological malignancy, 841, 841
pregnancy, 851
recruitment factors, 700
tropical diseases, 868
see also specific types

white cell count
ALL, 374
AML, 365
childhood ALL, 387, 387
CLL, 502
ethnic variations, 854, 855
hairy cell leukaemia, 519
hyperleucocytosis, 415–416
malaria, 858
neonates, 878

whole exome sequencing, 316
whole genome sequencing, 316

MDS, 442, 447–453
whole-body radiotherapy, 647
whole-exome sequencing, 714
whole-genome scanning, 348–349, 349
whole-genome sequencing

multiple myeloma, 539
platelet function disorders, 714

Wilms tumour and von Willebrand disease, 731
Wilson disease, 71, 154
Wiskott-Aldrich syndrome, 8, 262, 763, 768, 879

genes involved in, 770
Wnt, 7, 8
Wnt-β-catenin pathway, 9, 10
World Health Organisation (WHO), 214

classification, 350, 885–887
ALL, 343, 372
AML, 343

lymphoma, 575–600, 576, 601, 631–632, 632
MDS, 439–441, 440

definition of advanced phase CML, 420
Prognostic Scoring System (WPSS), 342, 343
MDS, 459–460, 460

‘wrong blood in tube’ (WBIT) errors, 228
WT1, AML, 364–365
Wuchereria bancrofti, 861, 863

X-chromosome inactivation patterns (XCIPs), 475,
482

X-linked disorders
dyskeratosis congenita, 163
sideroblastic anaemia, 37–38

X-linked inhibitor of apoptosis (XIAP), 253
X-linked lymphoproliferative syndrome, 268,

301
Xg blood group system, 196
ximelegatran, 823

yellow fever, 150, 867–868
Yersinia enterocolitica, 84

transfusion transmission, 216, 219
Yt blood group system, 196, 211
yttrium-ibritumomab tiuxetan, 621, 622

ZAP70, 388
CLL, 509

zebrafish as animal models, 7, 8, 701
Zieve syndrome, 846
Zieve’s syndrome, 154
zinc deficiency, 50
zinc finger nucleases, 9
ZNF198-FGFR1, clonal hypereosinophilia,

495
zoledronic acid, 547
Zollinger-Ellison syndrome, cobalamin malabsorption,

64
Zpf37, 9
ZRSR2 mutation, 448, 450, 450
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